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                                                 Chapter 1 
                                               Introduction 
 
The following chapters detail a body of work revolving around the all-ceramic, inlay supported 
or inlay retained fixed partial denture; more commonly referred to as a bridge. The emphasis of 
the research is on the stress concentration present at the gingival aspect of the connector 
embrasure region which develops because of the practical necessity to create an anatomically 
realistic design whilst facilitating a geometry allowing the patient to more easily perform plaque 
removal. The choice of an inlay retained bridge was made as research on such prosthesis was 
and still is relatively scant compared to the full crown supported variety, but in either case, the 
results of this research should and does apply equally regardless of support mechanism.  
The study utilises the finite element approach in the numerical analysis to better depict the 
resultant stresses developing in the model upon the application of a vertical load at the centre of 
the pontic; we have not tried to replicate the complex occlusal forces present in the natural 
dentition nor are we concerned about these. Our task lay with analysing the stresses which 
develop within the body of the bridge upon loading, (for which we resorted to the engineers tool 
of the finite element analysis), and most importantly with the validation of the numerical model. 
Though the use of the finite element analysis (FEA) in dentistry spans forty years, to date there 
has not been a satisfactory validation of and anatomically accurate fixed partial denture, 
ceramic or non-ceramic, so the challenge which developed was to provide such a validation; 
this we achieved via the traditional bench-top test and fractographic analysis.    
We were not able to satisfactorily validate the responses of our original FEA (the reasons are 
outlined in Part 5 of the published series), but had to resort to the current state-of-the-art 
extended FEA or XFEA to demonstrate a good agreement with the experimental model both 
qualitative and quantitative.  
Therefore, this thesis and the publications resulting have achieved three notable firsts; firstly 
demonstrating that in its mature form of FEA (the XFEA), an accurate qualitative and 
quantitative solution to anatomically accurate loading problems is now possible; secondly, the 
publication of fractographic images and critical flaws that agree very well with those predicted 
by the theory of linear elastic fracture mechanics (LEFM); thirdly, the first time the use of 
XFEA in dentistry has been published.   
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                                                  Chapter 2 
       All-ceramic materials; a literature review of their biological 
compatibility and use for inlay supported fixed partial dentures.       
 
“Primum nil nocere” – first, do no harm is a fundamental principal in medicine and dentistry 
which expresses the idea that in the consideration of treatment or intervention options, a 
practitioner must consider the possible harm to the patient. This principal of “first, do no harm” 
has deep ramifications in the practice of restorative and prosthetic dentistry where the 
restoration of function and aesthetics must be balanced with the cost of biological harm to the 
hard dental tissues1.  Successful restoration of the dentition has historically depended upon 
simultaneously respecting the three foundation principles of tooth preparation: mechanical 
preparation to achieve retention and resistance, hence ensuring longevity; aesthetic factors such 
as minimizing the appearance of margins and display of metal; and the biological consequences 
of achieving the first two factors which concerns the health and ultimate durability of the tooth 
and periodontium. Growing patient demands for aesthetic “tooth-like” materials and concerns 
about the deleterious effects of metals has added a new consideration for the profession to 
address. A new “Biomimetic” approach2 for restorative and prosthetic dentistry via the use of 
ceramics and composite resins has heralded not only a change in techniques, but as stated by 
Roeters3, a change in treatment philosophy. As a consequence of this major paradigm shift, the 
primary emphasis for dentistry is now not the restoration of the tooth, but rather its 
strengthening and preservation.  
 
Seventeenth century Europe provides the first evidence of post-supported, fixed bridges via the 
intentional decoronation and fitment of a silver root post supported carved bone bridges4. 
Eighteenth century France showed remarkable progress in dentistry with the profession 
becoming an independent discipline and legislation being passed restricting the practice of 
dentistry to those who could satisfy a committee of surgeons. It was during this era of 
Enlightenment that emerged a man many regard as the founder of modern dentistry, Pierre 
Fauchard (1678-1761); his genius covered the entire field of dentistry including primary teeth; 
oral pathology; the causes and prevention of caries; the replantation of avulsed teeth and even 
the use of an allograft tooth transplant (from a different person or donor).  
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A large body of Fauchard’s work related to the field of prosthetic dentistry. Curiosity and 
ingenuity resulted in the use of ivory as a medium in the construction of fixed and removable 
dentures and the pioneering use of enameling of denture bases to simulate natural gingival 
tissue. His legacy was such as to inspire generations of dentists to follow his example in 
challenging old concepts which lacked evidence and pursuing a policy for the open 
dissemination of knowledge; a practice which was opposed by practitioners of the day who 
jealously guarded their art4. 
 
Just as the French produced thinkers who were willing to reject established beliefs or dogma, 
the trend towards modernism was also to sweep aside established traditions for rationality in 
England. John Hunter (1728-1793), regarded as the greatest surgeon of the eighteenth century 
made a detailed study of the practice of dentistry in his early career, and was the subject of his 
first major publication “Natural History of the Human Teeth.” 
Hunter recommended the extraction of an abscessed tooth, its boiling to render it “free from 
disease”, and immediate reimplantion. He even argued for the use of allograft teeth (from 
different donors) but after repeated failures and in the face of the successful introduction of 
ceramic teeth, transplantation gradually ceased4.  
 
The first successful use of ceramics in dentistry can be traced back to Alexis Duchateau (1714-
1792), an apothecary who found that his own dentures, being made from ivory, became quickly 
stained and malodourous. Not being a dentist, Duchateau was unsuccessful in his efforts to take 
impressions. It was not until 1774, and with the cooperation of a Parisian dentist Dubois de 
Chemant, that Duchateau was finally successful in his efforts to fabricate a one-piece denture. 
Abandoning further development of porcelain teeth, Duchateau returned to his original 
profession of apothecary; de Chemant however continued to improve the porcelain and 
manages to overcome the effects of firing distortion. His findings were first published in 1788 
and a Royal Patent was granted from Louis XVI in 1789 – the year of the French Revolution4. 
 
With the outbreak of war, de Chemant left for England in 1792, receiving a fourteen year 
English patent for the exclusive manufacture of “mineral paste dentures.” His one-piece 
porcelain dentures continued to be popular until the development of individually fired porcelain 
teeth by Giuseppangelo Fonzi in the next century. Their aesthetic and mechanical versatility 
provided a major advance in prosthetic dentistry5.      
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The use of the full crown for abutments in fixed partial dentures (FPDs) owes much to its 
reliability, durability and aesthetics. The pioneering work of Charles Henry Land on the 
porcelain jacket crown was a major advancement over the then standard technique of the pivot 
crown which advocated the intentional decoronation of the tooth, followed by the enlargement 
of the roots to accept a pivot structure made from various materials such as bone, ivory or 
precious metals. Land favored the porcelain jacket crown because it was not only more aesthetic 
than the pivot crown, but preserved tooth structure and was able to reinforce the remaining 
tooth6. The natural extension of the full crown for restorative work was its use as abutments in 
metal-ceramic FPDs which have become the defacto standard. A meta-analysis of FPD survival 
(largely conventional with less than 50% cantilever and less than 25% non-full coverage 
retainers) by Scurria et al7 concluded that abutment survival at 10 years was about 96% with the 
overall survival rate being about two thirds by 15 years; this was similar to the Creugers study8 
which is acknowledged as the original meta-analysis on the survival of FPDs.  
 
With the introduction of the resin bonded splint/ perforated retainer by Rochette9  and the 
pioneering work on the etched-metal resin bonded retainer by Livaditis10, there has been 
available treatment options which reduce our reliance on the traditional full crown for 
abutments and hence the principles of mechanical retention and resistance form which 
necessitates extensive tooth preparation. Metal inlay-retained FPDs have been shown to be a 
promising alternative design where a less invasive prosthetic replacement is desired11-12. The 
quest to deliver a metal free solution has taken two approaches; these are the all-ceramic 
systems and the all-polymeric/composite systems. 
 
Concerns over the biocompatibility and allergenic potential of dental materials, especially base 
metal components and oxides13-15, the aesthetic limitations of the metal-ceramic systems 
characterised by the shine through effect and grayish margins, the higher corrosion rates and 
discolouration of abutment teeth have spurred on the development of all-ceramic restorations 
and prosthetic replacements16-17. 
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2.1 Biocompatibility of Materials used for FPD Construction 
 
The biocompatibility of a restorative material is the first measure of its suitability for clinical 
use; all other factors are irrelevant if a material is biologically unsafe. Rykke17 assessed the 
quality of four dental materials (amalgam, composite resin, gold and ceramic) for posterior use 
concluding that adverse reactions related to amalgam were unlikely or scarce, with the daily 
uptake of mercury from a medium number of amalgam restorations comprising 2-4μg/l of 
urinary mercury (normal urinary mercury level is 5μg/l); amalgam was recommended as the 
best routine restorative material based on performance and costs. Gold was recommended for 
complex restorations, resins to be limited to small restorations or where aesthetics are 
paramount and ceramics exhibit excellent aesthetics and biological compatibility, with wear 
resistance comparable to enamel. This early study suggested that the longevity of ceramics were 
in doubt, but the evolution of ceramics has seen its performance improve to the point that it 
should be considered for routine use.    
 
Hypersensitivity reactions to amalgam are also exceedingly scarce18, with short term reactions 
disappearing within 10-14 days but displaying the characteristic histological profile of cell-
mediated immune reactions. Pulpal reactions to mercury appear to be insignificant with 
amalgam being considered as being inert or mildly irritating to pulpal tissues19 and alloys 
containing the highest concentrations of copper causing slightly more pulpal responses after 1 to 
2 months in monkeys than conventional amalgams20.  
 
Resin based restorative materials contain a number of organic compounds which have the 
potential of being allergenic and cytotoxic, with the methyl methacrylates constituting as much 
as 30-50% of the mass of composite resins. The major issue concerning most of the biological 
problems associated with composites relates to the incomplete polymerization of its components 
and subsequent leaching into adjacent tissues. Nasjleti et al21 demonstrated histopathologically 
that composites evoke a chronic inflammatory response in the periodontal tissues of monkeys 
whereas amalgam produces an initial localised inflammation that abates with the formation of a 
fibrous capsule.  Numerous studies have concluded that composites are irritating to pulpal 
tissues19,22-24, although Brännström and Nyborg25 concluded that poor adaptation with 
subsequent micro leakage and bacterial by-product infiltration was perhaps the main source of 
irritants to the pulp. 
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Cytotoxic effects of composite resins have been reported by Hanks et al26 when it was 
demonstrated that aqueous components of composite were able to diffuse through dentine and 
cause a cytotoxic pulpal response within 24 hours. Geurtsen et al27 tested 35 monomers or 
additives identified in commercial composites against 3T3 cells and human fibroblasts derived 
from oral tissues. Highly toxic compounds included the base monomers UDMA and BisGMA, 
the co-monomer DEGDMA and TEGDMA, the photo initiator DMBZ and DMTDA, and the 
inhibitor BHT; the co-monomer HEMA and initiator CQ were reported to be of moderate 
toxicity. It was postulated that the base monomers being large, bulky components were unable 
to diffuse through the resin composites in sufficient concentrations to cause acute inflammation, 
they are however able to initiate or at least interact with the other components in a chronic 
inflammatory response. Smaller co-monomers may directly cause microsomal peroxidation and 
thus severe pulpal effects in the absence of a cavity liner. 
 
Geurtsen28 additionally reported that the co-monomer triethyleneglycol di-methacrylate 
(TEGDMA), and the 'hydrophilic' monomer, 2-hydroxy-ethyl-methacrylate (HEMA) are 
leached out of various composites in considerable amounts during the initial 24 hours, thus 
potentially causing localised reactions or systemic effects via systemic distribution. These risks 
are present not only for the patient, but increasingly for the dental professionals who are being 
exposed to them. Hume and Gerzia29 have likewise reported that TEGDMA and HEMA can 
move from the composite into an aqueous phase within minutes, thus initiating localised 
reactions.  The incidence amongst dental personnel is apparently greater than that reported for 
patients however. 
 
Squire30 reported on the permeability of gingival epithelium, thus any leaching of components 
results in rapid penetration. Local inflammation including lichenoid reactions has been 
described by Ruyter and Svendsen31 and Lind32, with such lesions healing completely when 
replaced with a different restorative material.       
 
Both gold and ceramic restorative materials have proven to be highly biologically compatible 
with Pistorius and Willershausen33 reporting the level of cell irritation for both being not 
significantly worse than titanium. Gold, in common with most precious metals exhibits very 
good biocompatibility; however all casting alloys except titanium have the potential to elicit 
allergic reactions35.  
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Pure metals are rarely used in dentistry but rather alloys containing in order of frequency, silver, 
copper, zinc, gold, palladium, tin; mercury; indium, nickel and chrome35. Allergic reactions 
have been reported to many of these materials including palladium36-40, nickel41-45, chrome46-48 
and cobalt47,49-50 in prosthodontic treatment with persons allergic to nickel; reported as high as 
10% in women and 1% in men51, nearly always being sensitive to palladium, a most commonly 
used element in gold alloys52.  
 
The frequency of gold allergy in patients with oral gold as opposed to gold jewelry has been 
reported as being more common than reactions to nickel alloys53-60 reportedly due to the 
production of gold sodium thiosulfate, a salt which is not produced on the skin61.  
 
The overall incidence of local or systemic side effects of metals in prosthodontics has been 
reported as about 1 in 40042 with 27% of the reactions being related to base metal alloys utilised 
for removable partial dentures (cobalt, chromium and nickel) and to precious metal alloys 
utilised for metal-ceramic restorations34. Overall, the presence of metal ions when placed in 
culture medium has demonstrated a zone of inhibition with various organisms, representing cell 
toxicity or death. However ions, are not readily available in dental alloys but rigidly bound in 
complex alloying compounds. 
 
Ceramics used for dental purposes are composed of metal oxides and other inorganic 
compounds. Silicon dioxide, Al2 O3, K2O, Na2O, MgO, CaO and B2O3 are the most used oxides 
in the production of feldspathic porcelains, glass-ceramic materials and Leucite-reinforced 
ceramics. The latest materials utilise ZrO2 with Y2O3 to produce yttrium partially stabilized 
zirconia via the CAD/CAM technique; a material exhibiting excellent mechanical performance 
and superior strength and fracture resistance compared to all other dental ceramics62. Various 
oxides of Fe, Ni, Cu, Mn, Sn, Zr and Ti are used for the colouration of porcelains. The relative 
incidence of biological side effects of dental ceramics compared to all other restorative 
materials (with the exception of titanium) is considered low and the breakdown products of 
dental ceramics have not been reported to have known toxic effects.  
 
Sjögren et al63 assessed the cytotoxicity and various dental alloys and ceramics by using cell 
lines from mouse fibroblasts. The results confirmed that ceramics were an excellent 
biocompatible material, exhibiting no evidence of Cytotoxicity. Interestingly, high noble gold 
alloys where the alloying elements were altered by eliminating copper or zinc (copper used for 
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hardening and zinc used as an oxygen scavenger) were reported to be markedly more toxic than 
gold alloys with these elements. It was theorized that the absence of these elements made for a 
lower corrosion resistance and hence allowed the release of free ions into the oral cavity. The 
difficulty in determining cytotoxic effects of alloys is in singling out the exact element or 
compound responsible for the effect.        
  
 
2.2 Clinical Performance of Glass-Fibre Reinforced, Metal-Ceramic and All-
Ceramic FPDs and Restorations 
 
In 1967, McLean64 introduced the notion of fabricating a high-alumina ceramic for FPDs. 
McLean65 further developed this idea by reducing the problem associated with fracturing of the 
connector area (the most highly stressed site on an all-ceramic FPD) via the platinum-bonded 
alumina FPD, thus eliminating the metal framework long associated with FPDs. Ibsen and 
Strassler66 pioneerered the use of porcelain veneers as the attachments on the abutment teeth. 
Subsequently, Edelhoff et al67 demonstrated the all-ceramic inlay-retained FPD. 
 
Glass fibre-reinforced composite (FRC) was introduced to dentistry in the early 1960’s, 
although its general use in dentistry has only more recently been explored68 with the 
commercial introduction of pre-impregnated fibre products in 1998 ushering in a new era in 
fixed prosthodontics. Descriptions for the clinical use of fibre-reinforced FPDs are an ongoing 
contemporary issue69 but its material strength and marginal adaptation has been demonstrated to 
be acceptable70,71. 
  
The lower modulus of elasticity exhibited by FRCs is an advantage in distributing stresses in the 
prosthesis72; FRC restorations have however been shown to have a lower survival rate than 
conventionally cemented metal-ceramic FPDs. Bohlsen and Kern73 retrospectively assessed the 
success of 39 patients treated between 1995 and 1997 who had 67 single crowns and 83 FPDs 
fabricated and cemented with either a temporary or permanent cement. By 2001, 57 restorations 
in 17 patients were still in function, resulting in an overall survival rate of 58.8% according to 
the Kaplan-Meier method. The best performing group was the FPDs cemented with either zinc 
phosphate or glass-ionomer cement (GIC) with a survival rate of 67.9%. 
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Behr et al74 conducted a clinical study of FRC complete crowns and FPDs involving 38 
restorations (n = 19), 17 restorations were bonded three-unit inlay retained FPDs, 5 were 
cemented complete-coverage FPDs and 16 were single molar crowns (6 bonded and 10 
cemented); mean observation period was 2.5 years with the maximum being 4.4 years. The 
cumulative survival rate after 36 months was 82% for molar crowns and 72% for inlay 
supported FPDs with six facings (36%) fracturing on inlay FPDs and with all cases showing 
increasing discolouration or wear over time. Ultimately, the result of the wear was displayed on 
two molar crowns and one inlay FPD which had the exposure of fibre reinforcement. The 
conclusion was that due the accelerated wear, discolouration, fracturing of facings and exposure 
of fibre reinforcement (which may lead to the accumulation of plaque), further improvement of 
the preparation technique was needed. 
 
In a clinical study to evaluate the performance of resin-bonded FRC FPDs, Vallittu and 
Sevelius72 placed 31 prostheses each replacing between 1 to 3 teeth. The bridges were examined 
every 6 months for up to 24 months (mean follow-up time = 14 months) with either partial or 
complete debonding constituting a failure. The results were that 2 had failed during the follow-
up with the Kaplan-Meier survival probability being 93%. The authors compared the survival 
rate to a studies by DeKanter et al75 and Creugers et al76 in which a randomized controlled 
clinical trial was undertaken, placing 201 resin-bonded, metal framed bridges in 175 patients, 
replacing one (n=95) or two (n=25) premolars, or one molar (n=81). The bridges were 
constructed (fixed-fixed design frameworks made from Ni-Cr alloy), cemented and assessed 
using strict protocol and reviewed yearly with 79% seen at all recalls for 5 years and 89% 
reviewed at the last recall.   The complete survival rates for maxillary and mandibular were 65% 
and 40% respectively and the functional survival rates were 89% and 68% respectively; thus 
displaying an unacceptably low survival rate.  A comparison between the studies would indicate 
that FRC FPDs had a higher success rate than metal-framed bridges but the small sample size 
and more relaxed protocols and assessment criteria of the Vallittu and Sevelius73 study makes 
its comparison to the strictly controlled Creugers et al76 study erroneous.                                  
 
By comparison, a meta-analysis of  conventionally cemented, metal-ceramic FPDs by Scurria et 
al7 between the years 1960 and 1998 identified eight studies that met their inclusion criteria of 
having data available so as to allow the calculation of annual survival rates, a minimum 3 years 
follow-up and failures defined to allow classification. The FPDs were largely conventional, 
with 50% being cantilever and less than 25% non-full coverage retainers. Results indicated that 
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at 10 and 15 years, the survival of FPDs was 92% and 75% respectively, with abutment survival 
at 10 years estimated to be 96%.  In can be concluded that the survival rates for FRC FPDs is 
significantly lower than for conventionally retained prosthetics. 
 
In a Medline search 1966 to 2004 to determine the long term success of conventional FPDs 
based on biological and technical complications with a follow-up period of at least 5 years, Tan 
et al77 selected nineteen studies from a yield of 3658 based upon specific selection criteria. The 
study revealed that the 10 year risk for the loss of a FPD due to caries and periodontitis was 
2.6% and 0.7% respectively. 
 
In a unique longitudinal analysis, Walton78 reviewed the outcome of 515 metal-ceramic FPDs 
(299 were three-unit) involving 1209 abutments and 885 pontics placed by himself in a 
specialist prosthodontic practice between 1984 and 1997. The clinical and laboratory protocols 
were kept as standardized as practical. Patients were recalled in 1993 (review 1) and again in 
1998 (review 2). The cumulative results were that the FPDs which had been in service for less 
than 5 years had a success rate of 96%; those which had seen between 10 and 15 years’ service 
had a survival rate of 87% and those with 15 plus years’ service displayed an 85% survival rate. 
Outcome was not related to pontic length, however non-vital abutments and anterior abutments 
displayed lower success rates. The modes of failure were also reposted with 38% being tooth 
fracture; 27% periodontal involvement; 13% retention loss and 11% caries. The meta-analyses 
from Scurria et al7 and Tan et al77, together with Walton’s78 analysis display the excellent long-
term, predictable success achievable with conventional fixed prosthodontics.   
 
Pröbster and Henrich79 (1997) reviewed the clinical performance of 325 resin-bonded FPDs 
placed between 1984 and 1995 (n=264). Including the rebounded restorations, the survival 
using the Kaplan-Meier method was 76% after 5 years and 60% after 10 years, all being lost 
through debonding with 4% of abutment teeth displaying caries. It was noted that retentive 
abutment preparation did not result in a higher survival rate nor did the location of the 
prosthesis either in the maxilla or mandibular. 
 
However in a 6 year clinical study by Rammelsberg et al80 which reviewed the performance of 
141 resin-bonded FPDs, comparing tooth preparation methods, etching and bonding techniques 
against failure rates; it was reported that the survival rate was 82.9% with 23 of the 24 failures 
due to debonding. It was noted that retentive tooth preparation did increase the survival of the 
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prosthesis to 96% with the statistical analysis revealing a risk reduction by a factor of 20. The 
maxilla/ mandibular location of the bridge did not influence the success rate. Therefore, this 
study resulted in a significantly higher rate of success than reported by Pröbster et al79. 
 
The failure mechanism of debonding is also the primary cause of loss seen with FRC 
restorations71, differing significantly from that seen in all-ceramic FPDs which as brittle 
materials exhibit low resistance to tension (cannot withstand deformation more than 0.1 to 
0.3%), leading to the propagation of cracks and catastrophic failure. When used as FPDs, the 
primary site for failure is the connector area which acts as a stress concentrator under flexural 
compressive loading80-82. Clinically, the fracture resistance of all-ceramic FPDs is a relationship 
of the size, shape and position of the connectors and to the span pontics, hence beam mechanics 
is an issue intimately involved with its success83.   
 
A three year clinical study by Sorensen et al84, testing the efficacy of In-Ceram, a high-alumina, 
glass-infiltrated ceramic on 61 full-coverage, three-unit FPDs comprising anteriors, pre-molar 
and molar pontics. The trial was designed to push the material to its limits by utilizing it on 
posteriors when the manufacturer stipulated the material is for the use of anterior only. During 
three 3 year period, 7 FPDs fractured through the connector area, comprising failure rates of 0 
for anteriors, 11% for premolars and 24 % for molars. Thus the use of In-Ceram alumina 
ceramic for posterior applications cannot be recommended. 
 
Olsson et al85 retrospectively investigated the 5 year clinical performance of In-Ceram high-
alumina between 1992 and 1996; thirty seven patients and forty two FPDs were placed 
comprising two and three unit pontics, with cantilever extensions present on 64% (again 
contrary to Vita recommendation); 62% of the FPD’s extended into the posterior region. Eighty 
six percent of the FPDs were followed for greater than 5 years with 5 fracturing during the 
observation period (12%), two as a consequence of trauma; excluding these two, the overall 
survival rate 93% after 5 years and 83% after 10 years. 
 
Von Steyern et al86 also analyses the use of In-Ceram high-alumina ceramic on posterior FPDs. 
The 5 year clinical trial evaluated the preparation technique, design and cement choice on 18 
patients with a total of 20 posterior three-unit FPDs. All had bilateral support and replaced one 
premolar (11) or one molar (9). The results were that 18 showed no detrimental effects after 5 
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years; a 90% success rate, with no caries or soft tissue problems differing from the rest of the 
dentition. 
  
The evolution of the In-Ceram system culminates in the release of In-Ceram Zirconia which 
combines 35% partially stabilized zirconia into the core material. Suárez et al87 studied the 
clinical performance of 18 In-Ceram Zirconia FPDs on 16 patients over a period of 3 years. The 
performance criteria included the surface and colour, anatomic form and marginal integrity. Bar 
the exclusion of one FPD which was extracted due to root fracture, all were rated as excellent or 
acceptable after 3 years. 
 
The clinical performance of Empress II, a lithium disilicate glass based core material was tested 
by Esquivel-Upshaw et al88 over a two year period. Thirty lithium disilicate based cores were 
prepared via heat-pressing for use as posterior FPDs, with maximum clenching force measured 
for each patient prior to tooth preparation. All bridges were examined by two independent 
clinicians and ranked on a scale of 1 to 4. The results were that 2 had fractured with in the 2 
year period (93% success rate), with one being associated with a low occlusal force but short 
connector height (2.9mm); the other being associated with the greatest occlusal force (1031N, 
with average maximum bite forces range from 540N to 750N) and adequate connector height. 
  
An eight year prospective study on the use of heat pressed lithium disilicate glass for inlay 
retained FPD’s was conducted by Harder et al89 resulting in 45 prosthesis being placed on 42 
patients. Overall, 27 (60%) failed during the observation period and had to be replaced with the 
conclusion that the use of  heat pressed lithium disilicate glass was not to be recommended for 
inlay retained all-ceramic prosthesis.  
 
Likewise, the use of lithium disilicate glass ceramic was evaluated clinically on full crown-
retained and inlay-retained FPD’s by Wolfart et al90. The mean observation period was 48 
months for crown supported bridges (n=36) and 37 months for inlay retained bridges (n=45) 
during which time no crown retained bridges failed whilst 6 inlay retain bridges had failed; 3 
via debonding and 3 through a combination of debonding and ceramic fracture. The connector 
between pontic and inlay abutment was identified as being the weakest point of the structure in 
the failed bridges. 
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A clinical study on the use of zirconia for inlay retained FPD’s was conducted by Ohlmann et 
al91 resulting in the placement of 30 FPD’s, each replacing one missing molar. Over the 12 
month observation period, 13 clinically relevant complications occurred including four 
delaminations, six decementations and three framework fractures. The conclusion drawn was 
that improved adhesion is most desirable to greater increase the reliability of the design.        
 
More promising was the clinical trial on zirconia inlay-retained FPD’s by Abou Tara et al92 
which placed 23, 3 unit prostheses on 23 patients. The observation period 20 months resulted in 
no failures of bonding or framework and only two veneering fractures. The retainer however 
was of a more radical design involving a wing bevel preparation in enamel at the buccal and 
oral sides; this involves greater tooth preparation but also increased stability and retention. 
 
The use of all-ceramic FPDs is still controversial, with current literature on clinical performance 
and the sample size of these studies being quite limited due to the ever evolving nature of 
ceramics and costs of conducting studies93-95. Sailer et al96 systematically reviewed the 
minimum three year survival rates and incidence of complications of all-ceramic FPDs and 
compared them to metal-ceramic FPDs. The meta-analysis returned 3473 titles for single 
crowns and 100 abstracts for all-ceramic FPDs. Full-text analysis on 39 articles resulted in 9 
studies which met their inclusion criteria. A comparison was made to the data of Tan et al77 
compiled on the survival rates of metal-ceramic FPDs (see above), and updated with the 
Pjetursson et al97 study. The five year survival rates for metal-ceramic FPDs were significantly 
higher than all-ceramic FPDs (P<0.0001); with 94.4% (95% CI) as compared to 88.6% (95% 
CI) survival rate. Fracturing of the framework (6.5%) or veneering ceramic was the most 
common reason for all-ceramic FPD failure, although when Zirconia was utilised, biological 
and other technical complications overtook framework failure, with only one study reporting an 
accidental fracture of a 5-unit Zirconia FPD . The most frequent cause of failure seen in both 
all-ceramic and metal-ceramic FPDs was loss of tooth vitality, being 41% and 6.1% 
respectively.     
 
A MEDLINE and PubMed search for in vitro trials on zirconia restorations published between  
1950 and June 2009 by Al-Amleh et al98 discovered 17 clinical trials involving zirconia based 
restorations of which 13 were on FPD’s, two on single crowns and two on zirconia implant 
abutments. Of the 17, 11 were based on soft milled zirconia and the other six on hard milled 
zirconia; chipping was a commonly reported finding with framework fracture only occurring 
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with the soft milled zirconia. Overall, it was concluded that Y-TZP has the potential of being 
accepted as a suitable material for fixed prosthodontics if strict fabrication protocols are adhered 
to.  
 
The above studies support the following conclusions – 1/ FRC FPDs are technically promising 
in providing a relative low cost prosthesis that possesses a modulus of elasticity equivalent to 
dentine, thus enabling the distribution of stresses, however biological concerns relating to the 
unpolymerised organic components and technical issues leading to its poorer serviceability 
mean significant improvements are needed if their use in clinical practice is to be predictably 
successful. 
2/ Traditional metal-ceramic full or partially supported FPDs have proven to be highly 
successful in the short to medium terms, however issues relating to the need for excessive tooth 
preparation leading to long term pulpal complications, periodontal considerations relating to 
margins and increased awareness regarding the use of base metals has denigrated their long 
term prognosis. 
3/ All-ceramic FPDs are advantageous in that they avoid the use of metals, are biologically 
compatible if not inert, minimise the need for tooth preparation due to their bondable nature, 
and display a natural aesthetic luminance unmatched. However because of their high modulus 
of elasticity, and the presence of surface micro cracks, ceramics are more prone to tensile and 
cyclic failure. Therefore their routine use for FPDs must still be exceptional, with the highest 
level of technical ability required for their successful utilization with the current material of 
choice being Y-TZP if a determination is made.   
 
 
2.3 Pulpal Concerns - The Preservation of Sound Tooth Structure  
 
Dentists have been concerned about the loss of sound tooth entailed in the fabrication of a 
conventional, full-crown supported FPD and the compromised periodontium as a result of 
subgingivally located margins. The procedure not only leads to the destruction of often healthy 
tooth structure, increasing the tooth’s likelihood of undergoing pulpal pathology via mechanical 
or physical trauma but contributes to the progression or initiation of periodontal disease; even in 
presence of clinically sound margins99. The ranges of factors leading to the cumulative stressing 
of the pulp during the construction of a full crown are many100, but it appears likely that the 
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tooth preparation procedure alone is a significant if not the most traumatic. Hence, the greater 
the amount of the structure reduced, especially for a fixed bridge where additional tooth 
preparation is required in order to align the abutments, then the greater the insult to the pulp and 
consequential inflammation101.  
 
Conversely, the preservation of tooth structure must be balanced with our ability to provide long 
term reliable prostheses; it may often be worse to retain tooth structure only to have a FPD 
subsequently fail and require endodontic treatment than to have provided a definitive crown 
supported FPD that historically is able to endure years if not decades of service. The literature 
review on the utilization of all-ceramic, inlay-retained FPD’s above generally shows the long 
term survival of the design to be poor; this therefore provides the impetus for this current study 
into the overall viability of the design for if it was already successful, the requirement for such a 
detailed study as this thesis comprises would be unnecessary.     
 
This section will examine the issues related to the increasing loss of tooth structure and its 
effects on the longevity of the tooth as a whole and pulp specifically. 
 
In a retrospective analysis carried out to determine the frequency and onset of endodontic 
complications occurring in 52 patients, Bergenholtz and Nyman101 concluded that 3% of teeth 
prepared for full crowns and a significantly higher 15% of abutment teeth showed negative 
effects 4-13 years after the procedure. A meta-analysis covering clinical studies over the last 
fifty years that identified the incidence and types of clinical complications by Goodacre et al102 
determined that conventional FPDs had the highest incidence of complications at 27% overall 
with the mean incidence of endodontic treatment being 11% (from 19 clinical studies).  
Conventional single crowns and all-ceramic crowns had the overall lowest rates of 
complications at 11% and 8% respectively (from eight clinical studies about mostly all-metal 
crowns with some partial crowns), with the need for endodontic treatment averaging 3% and 
1% respectively. The study strongly suggest that the greater the degree of tooth preparation, the 
more likely the specter of complications. 
 
More specifically, it is known that pulpal trauma by the cumulative effects of mechanical 
preparation and the contact of various agents to open dentinal tubules causes pulpal 
inflammation and the greater the insult, the more likely the inflammation is to be irreversible103-
105.    
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Zöllinger and Gaengler107 confirmed that it is the remaining dentine thickness and the material 
toxicity which correlates closely with the severity of the degenerative changes to a tooth, rather 
than the preparation technique or various bacterial invasion levels. It is suggested that a 
minimum dentine thickness of 2mm is critical in mitigating pulpal complications108. Numerous 
studies have demonstrated that as dentine is penetrated from the middle to deeper layers, both 
the number and size of the dentinal tubules increases significantly109,110. Therefore the larger the 
surface area of dentine removed and the greater the depth of penetration, the more substantial 
the damage to an increasing number of dentinal processes. If one was to accept that the damage 
is cumulative, it is a logical conclusion that a full-crown preparation will more easily reach the 
threshold level at which the pulp can no longer recover from the insult and begins to degenerate.       
 
Hence, full-crown preparations with its voluminous destruction of   dentine and enamel and the 
necessity for wide margins in porcelain-bonded to metal restorations is the tooth preparation 
technique leading to the most pulpal complications.  
 
2.4 Periodontal Considerations - The Preservation and Maintenance of the 
Periodontal Interface 
 
The goal of restorative dentistry is to control oral pathology whilst restoring aesthetics and 
function, hence the periodontal health of the abutment is a major concern as important as the 
health of the pulp. Developing treatments that minimise the inflammation to the gingival tissues 
is crucial if success is to be attained.  
 
Research has concluded that the periodontal tissues are a significant determinant in the 
longevity of FPDs. As quoted above, Tan et al77 (2004) concluded that the risk of loss for a 
FPD was 0.7% as compared to 2.6% to caries; some 75% less. This risk from periodontal 
disease at first appears small by comparison, however unlike caries which can be repaired; the 
loss of attachment via periodontal disease, despite our best efforts is non-recoverable. Walton’s 
15 year longitudinal study78 is enlightening in its relatively high failure rate of 27% due to 
periodontal involvement, thus demonstrating that the effects of periodontal disease are not able 
to be documented in the short term. Only after a comparatively long follow-up period (10 to 15 
years vs. 5 years) are the destructive effects of attachment loss able to be documented.   
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“No single restoration in dentistry is more dependent upon nor influences more the health of the 
periodontal structures than the full coverage crown”110.  The causes of iatrogenic periodontal 
disease have been well documented111-115 and range from the traumatic preparation procedure 
which include soft tissue management (retraction cords, astringents, electrosurgery), impression 
taking and poor temporization, through to the margin location, integrity, contour, marginal 
roughness and even the material makeup of a crown, all of which may lead to the disruption of 
the junctional epithelium and connective tissue attachment. 
 
The primary concern with regards to the maintenance of the periodontal health of the abutment 
is to minimize impinging upon or disrupting the periodontal complex. Crown preparation by its 
very nature places heavy demands upon the operator to respect the periodontal integrity of the 
tooth. Löe114 argues that the concept of “Extension for Prevention” is no longer valid because of 
the proven periodontal effects of subgingival margin placement. The periodontal consequences 
of tooth restoration must therefore be reflected in our treatment options to restore and 
prosthodontically rehabilitate.  The use of inlays largely negates these concerns by preserving 
most of the tooth’s extra-coronal structure except interproximally, but even here the placement 
of supra-gingival margins can minimize any detrimental effects to the periodontium.  
 
Bacterial plaque accumulation and periodontal disease have a well-documented relationship 
going back at least to Löe115. Bacterial colonization occurs when ever bacteria adhere to or are 
allowed to reside to surfaces and irregularities that shield them from cleansing. Periodontitis is 
initiated by predominantly gram-negative bacteria which multiply and proliferate in the plaque 
film; with the ecology maturating if allowed to remain into a diverse and complex community 
held together within a polymer of bacterial and salivary origin. Newer more pathogenic 
organisms establish themselves within the matrix and inflammation developing with the 
characteristic sequela of oedema, erythema and bleeding. Further development of the plaque 
and its extension and conversion to calculus via the accumulation of inorganic salts results in 
the triggering of the hosts response factors and tissue mechanisms. The interaction of the plaque 
irritants and the patient’s immune system will ultimately determine the progression to 
destructive periodontal disease, characterised by gingival recession and increased pocket depth. 
It is the promotion of plaque buildup which promotes gingivitis and ultimately periodontal 
disease, not merely the mechanical irritation of the soft tissue116. 
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The accumulation of the plaque and its extension subgingivally is influenced by defective 
restorations, margin location and adaptation, surface contours, rough surfaces and the inherent 
surface energies of various restorative materials117.  Not all defective restorations will lead to 
destructive periodontal disease however, just as not all people show the same susceptibility to 
disease in general. The definitive expression of the inflammatory process is very much 
dependent upon the host’s immune responses to the inflammatory mediators. 
 
The following discussion expands upon three important considerations with regards to the 
differences between an inlay restoration/abutment and a complete or partial crown 
restoration/abutment upon gingival inflammation. 
 
 
1/ Margins 
Margin location with respect to the health of the gingiva is well documented with studies 
repeatedly concluding that sub-gingival margins produce gingival inflammation as indicated by 
elevated Gingival Index, increased Plaque Index and increased Pocket Depths113-117,118-132  
retrospectively studying 58 patients over 4 to 8 years who had FPDs placed and no regular 
maintenance over the interval period concluded that even with precise margin fit, the more 
gingivally positioned the crown margin, the higher the incidence of gingival inflammation.  
Likewise, Valderhaug and Birkeland133 showed that the gingival had a tendency to recede in the 
presence of crown margins located at the gingival margin or below.  
 
Felton et al1194selected 42 crowns (25 gold and 17 porcelain-fused-to-metal) from 29 randomly 
selected patients treated at the University of North Carolina. The crowns were in service for a 
minimum of four years, maximum 18.5 (mean 8.6 years) and all had subgingival margins. 
Marginal discrepancies were correlated with pocket depths, crevicular fluid flow and gingival 
index. The results indicated a highly significant correlation between marginal discrepancy and 
gingival index (r=0.926, p less than 0.001) and also marginal discrepancy vs. crevicular fluid 
flow (r=0.933, p less than 0.001). Marginal discrepancies ranged from 5 to 430μm (mean 
160μm); there was no difference in relation to the age of the restoration, nor crown type.        
 
Perfect margins are an impossibility, even the most accurately placed cast metal margins of 
approximately 27.5 μm Morris135 still present surfaces for bacteria (1 to 5μm) to reside. Margin 
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fit must be considered important in the attainment of a clinically acceptable restoration or 
prostheses, with research clearly demonstrating the relationship of poor marginal fit to 
periodontal disease. Even so, the evidence is clear that however narrow a margin and precise the 
fit, its mere proximity to the gingiva tissues will instigate inflammation.  
 
Silness112 is adamant that full coverage retainers show significantly greater amounts of soft 
deposits and gingival inflammation than partial retainers. A comparison was made with a 
control group consisting of teeth on the opposite side of the patients arch resulting in patients 
with good oral hygiene showing more striking differences in their periodontal status than those 
who had poor oral hygiene. This reveals that plaque control, even of the highest order may not 
be adequate to control the effects of gingival inflammation in the presence of gingivally or 
subgingivally placed margins, and the greater the length of the margins, the more pronounced 
the inflammation. Kois135 remarks that dentists strive for excellence in restorative margins; this 
often having more to do with ego than with biology! 
 
Luting cement located in close proximity to margins, no matter how smooth assists in the 
retention of plaque and may be considered the weakest link in the restorative system117. The 
roughness of the cement and its long term solubility will contribute to the harbouring of bacteria 
and hence gingivitis. Conway and Baumhammers136 demonstrated via scanning electron 
microscopy (SEM) that bacteria congregate at restorative margins. Likewise Saltzman et al138, 
via a SEM, demonstrated the presence of bacterial deposits at the margins of amalgam and 
composite restorations (marginal discrepancy of 5 to 20μm); and of gold inlay restorations 
(marginal discrepancy of 15 to 30μm). Their conclusion is that there is a “definite interfacial 
void between the cervical margins of the tooth preparation and restorations.”  
 
Kois135 further reports that the most critical factor in margin location is the relationship to the 
supercrestal fibre attachment and the placement of a margin apical to the base of the periodontal 
pocket into the “zone of biological width” violating an important biological and hence 
restorative principle. The crown preparation more than any other is likely to risk impinging 
upon and damaging the periodontal interface due to inadvertent procedural consequences 
(iatrogenic factors mentioned earlier) and subsequent promotion of plaque accumulation via 
extensive margins typically placed at or beneath the gingival crest.  Just as clinically deficient 
restorations contribute to gingival inflammation, clinically sound restorations can promote the 
accumulation of plaque and thus inflame the local tissues. 
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2/ Contouring 
The contouring of the facial, lingual and interproximal surfaces of the crown must be done so as 
to closely replicate that of a natural tooth, as this leads to the best results with respect to 
gingival form and health. Youdelis et al138 examined the effect of a crown’s facial and lingual 
contours on periodontal health, concluding that over contouring of the margin and developing a 
greater “cervical bulge” can lead to increased plaque retention and inflammation, debunking the 
“Gingival Protection Theory” of Wheeler139. The most important aspects of restorative 
contouring appear to be related to the development of access for oral hygiene. Becker and 
Kaldahl140 (1981) report that most studies on normal tooth contours have found few teeth with 
buccolingual widths greater than 1mm wider than the cemento-enamel junction (CEJ) with the 
norm being 0.5mm or less.   
In a comparative study on 42 patients selected at random from those undergoing full crown 
preparations by pre and post-doctoral students at the Dental Clinic of the University of 
Pennsylvania between 1976 and 1979 (representing 1% of all patients who had full crowns 
made), Ehrlich et al141 discovered that all crowns had buccolingual widths exceeding their 
original profiles. They suggest that a 0.7 to 1.0mm increase in the buccolingual width of a 
crown may be clinically acceptable as there was no “overt” gingival or periodontal disease, 
however the short duration of the study makes their assessment of periodontal consequences 
questionable.  
 
Parkinson142 in a similar study examined 25 complete cast metal crowns and 25 porcelain-
fused-to-metal (PFM) crowns to 50 contralateral teeth which served as controls. Each patient 
was given a periodontal examination and oral hygiene instructions and reviewed at a later time 
without notification. 80% of the cast metal crowns and all of the PFM crowns had buccolingual 
widths greater than the contralateral tooth (ranging from-0.3 to 1.1mm). The mean plaque index 
for PFM and complete metal crowned teeth was 1.16 and 1.24 respectively. This compared to 
0.56 and 0.72 respectively for the control group demonstrating a statistically higher mean 
plaque index for the restored group. 
  
A comparison with temporary crowns can be made where their rough, poorly fitting nature and 
reluctance on the part of the patient to clean around them would have us conclude that poor 
gingival responses always develop. This is often not the case though, as the relatively short-
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term nature of the restoration does not provide a good indicator for long-term periodontal 
health130.      
 
Over contouring of restorations hinders the patient’s ability to perform oral hygiene control and 
limits the dentist’s in removing cement from the margins and subsequent scaling and root 
planing. The correlation between over contoured restorations and gingival inflammation is 
evident. Thus, unless the dentist and laboratory can guarantee the placement of accurately 
contoured crowns consistently, the use of inlays is safer in preserving the tooth’s original 
dimensions.     
 
 
 
3/ Surface Roughness 
Rough surfaces of restorations promote plaque retention by providing niche areas for bacteria to 
adhere and colonise143-145. The mechanism is related to the roughness offering protection from 
the patient’s oral hygiene measures, and harbouring of bacteria from the host’s immune system. 
Supra and sub gingivally, the effects of increased surface roughness facilitates the rapid 
accumulation and thus maturation of plaque microorganisms, thus promoting gingival 
inflammation.    
 
Highly polished surfaces have the least amount of plaque accumulation with a study by 
Quirynen et al146 demonstrating that an increase in the surface roughness on resin strips above 
0.2μm, resulted in a dramatic increase in the accumulation of plaque. Similar studies147,148 on 
titanium implants demonstrated the existence of the same threshold value of 0.2μm, above 
which lead to a significant increase in the rate of plaque retention. 
 
The evaluation of the relative plaque retaining properties of various dental materials has glazed 
porcelain as being the most resistant to bacterial accumulation117. In a literature review of the 
surface roughness on oral hard tissues, Bollen et al149 concluded that all the current materials 
utilised in dentistry could achieve the threshold of 0.2μm of roughness, however long term 
treatment of the surfaces can affect this and is therefore an important consideration. Composite 
resins, gold, glass-ionomer cements and amalgam fare detrimentally from the effects of dental 
procedures. Scaling and root planing causes the surfaces of these materials to increase in 
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roughness; only ceramics are able to resist the regular effects of dental procedures. 
Interestingly, the roughness of natural tooth enamel and dentin is above 3.5μm which is 
considerably higher than that for polished materials. 
 
The influence of surface roughness seems to be minimised subgingivally due to the anatomy of 
the pocket harbouring bacteria and other mechanisms available for bacteria to survive such as 
adhesion to the cementum, immersion in crevicular fluid and invasion of the epithelium144. Thus 
it is the materials smoothness and ability to withstand the routine rigors of dental procedures 
and maintenance which could be the more significant aspect.  
 
 
 
Therefore, the conclusions to be drawn from the above are: 
1/ The less a tooth is invaded mechanically through the preparation procedure, the less the 
likely hood of long term pulpal damage. 
2/ The less we encroach upon the gingival and periodontal tissues, the less the likelihood of 
long term periodontal damage. 
3/ Ceramics are an inherently wear resistant and perhaps the most biologically compatible/ inert 
material available; it currently presents as the aesthetic material most able to resist the effects of 
manipulation and treatment.                                         
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                                                 Chapter 3  
                 Strain Energy and Modern Fracture Mechanics 
 
Resilience is generally considered a beneficial property in a material, allowing a useful degree 
of flex or resilience in order to absorb energy. Historically, the study of fracture has been 
concerned with calculations of the magnitude and distribution of stresses and strains, 
referencing their relationship in broad terms via a graph. Nineteenth century structural engineers 
held the belief that below a certain critical level of stress, a structure would not fail. The elastic 
modulus of a material could be plotted and allowed calculations to be made with regard to the 
maximum stress a structure could withstand and to simply not exceed this limit; simple, 
attractive but not reflecting the structural failures accumulating.  
 
The fracture strength of materials and in particular brittle materials is not highly reproducible, 
fluctuating by up to an order of magnitude. Testing methods, test specimen dimensions, 
environmental variables and the presence of intrinsic flaws are but a few of the factors 
influencing the change in test results. Brittle materials by definition have a tendency to fracture 
when subject to stress with little deformation or shear and exhibiting almost a total elastic 
response up to its stress limit whereas metallic materials tend to display a certain amount of 
plastic deformation or flow prior to rupture. Existing theories based simply on stress/strain 
curves could not explain such differences in material properties1.  
 
Inglis1 showed that the linear elastic theory could only be relied upon when the material obeyed 
Hooke’s Law everywhere and had smooth contours and surfaces with no sudden changes in 
geometry.  The presence of these geometric irregularities, often quite small, may raise the local 
stress to dangerously high levels even though general calculations of the structure may give the 
impression that overall stress levels are low. 
 
Pioneering the theory of stresses and fracture mechanics, Inglis authored the first significant 
paper on effects of stresses in a metal plate (or any object which obeyed Hooke’s Law) due to 
the presence of elliptically shaped cracks and corners. The impetus for his studies was related to 
the spate of shipping disasters resulting from the sudden, catastrophic fractures of their hulls at 
sea. Standard engineering principles of the day relied upon “applying a factor of safety” by 
calculating and limiting working stresses in a structure to no more than two, three or even seven 
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times less than the highest probable tensile stress in the material, determined from the load-to-
failure testing of a simple, homogenous, parallel sided specimen.  
 
The 1901 sinking of the H.M.S. Cobra with the loss of thirty six lives and the 1903 loss of the 
H.M.S. Wolf under similar circumstances resulted in experiments which showed that the 
stresses on the hull under real conditions were significantly less than those calculated by 
engineers who applied a factor of safety up to six times greater than the know strength of the 
steel used for the hull2.  
 
By studying stresses at the boundaries of elliptical openings Inglis demonstrated that notches 
can act as stress concentrators, which are but a special case of elliptical openings; Inglis 
proposed that any narrow groove with a definable root radius will have stresses at the tip 
equitable to an elliptical shape and most importantly that stress concentration depends on the 
shape of the opening rather than the size1.  
 
Inglis developed equations for calculating the stress concentrations due to cavities or notches. 
Beginning with the equation of an ellipse, 
  
                                       x2/c2 + y2/b2 =1 
 
assuming an elliptical crack with semi-axis b and c see figure 1, load the crack with a uniform 
tensile stress σ.  
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Figure 1.  Geometry of an ellipse which is enlarged from the notch tip of a typical crack shown 
below; c is the distance between the roots of the ellipse. 
 
 
 
It can easily be shown ρ, the tip radius of curvature, will have a minimum value 
 
                                        ρ= b2/c, (b < c) 
 
at c, the notch tip. It is at the notch root in the longer axis of the ellipse (2c) where the greatest 
concentration of stress will occur and varies with the length and radius of curvature at the apices 
of the notch.  
 
The ratio of stress concentration σc at point c, to the applied stress σA that is called the elastic 
concentration factor, which is  
 
                         σC/σA = 2c/b = 2(c/ρ) ½, (b << c). 
 
 2
 
2c 
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Where ρ approaches zero at the tip of a sharp crack and stress concentration is at a maximum 
and can be resolved to the following equation,   
 
                                         σC = σA(1 + 2c/b) 
 
where σC is the stress at the tip of an elliptical cavity, and σA is the applied uniform stress. Note 
that σC depends on the aspect ratio c/b of the ellipse and not its size1. 
  
A geometrically sharp crack with tip radius ρ and length 2c where ρ << 2c gives us the   
following expression for the stress at the crack tip 
 
                                              
                               σmax = σ﴾1 + 2�𝒄 𝝆⁄ √﴿ ≈ 2σ�𝒄 /𝝆 
 
                                               
                                  
Hence for round holes where c = b the maximum stress will thus be 3σA, but for openings 
where sharp corners are apparent like doorways, then ρ is relatively extremely small and c 
large, then the resulting stresses are quite high enough to initiate fracture and failure of ships! 
Applying Inglis’ equation to cracks makes it apparent that the molecular nature of the crack tip 
makes for almost infinitely high stress levels for the smallest of cracks. Therefore even the most 
common of surface flaws on steel plates seen on ships or bridges or on the surface of brittle 
solids such as ceramics should be sufficient to produce catastrophic tensile stresses and hence 
failure; this however is not the case but does highlight the importance of the geometry of the 
crack as opposed to its absolute size. 
 
Inglis’ paper was carefully investigated and considered to be mathematically robust but the 
approach faced resistance from his contemporaries who viewed his concepts as dealing with 
problems “mathematical and not real…” Irrespective of this, Inglis’ solution has must be valued 
as one of the most significant steps forward in understanding fracture mechanics3.  
 
Griffith4 further extended upon the work of Inglis by developing the foundation theory of crack 
propagation in brittle materials by which high strength, brittle materials commonly fail under 
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low stress. His theory of rupture was based on the dual concepts of minimum potential energy 
of classical mechanics and thermodynamics which seeks a minimum total free energy of a 
system. Griffith sought a conceptually simple approach to minimize the total free energy of a 
loaded system in the presence of a crack by formulating an equilibrium position where the crack 
or surface flaw was to be regarded always on the verge of propagating1. That is, equilibrium 
exists between the stored strain energy in a system and the surface energy required to extend the 
crack. Thus if the process of reducing potential energy is required to establish the equilibrium 
position, then the crack will extend to the point the free energy is absorbed. Griffith’s 
revolutionary approach to fracture mechanics thus viewed the phenomena of fracture extension 
in terms of energy rather than stress and strain; with Inglis’s mathematical theories being the 
mechanism for the conversion of stress in the presence of a crack into strain energy which was 
balanced by the fracture energy. 
 
It was argued by Griffith that brittle solids fail by propagation of a favourably orientated but 
small pre-existing crack. Cracks include intragranular and intergranular microcracks or grain 
boundaries and larger transgranular cracks and on a larger scale includes joints or connectors 
and other irregularities in the external morphology of the solid where stress can be focused1. 
Hence the maximum strength of a brittle solid is lowered by the presence of flaws or external 
geometric stress concentrators and their related stress concentrations at the crack tip.  It is 
important to reiterate that stress concentration not only occurs at the microscopic or granular 
level but also at the macroscopic level where sharp internal line angles prove to be particularly 
destructive, especially in brittle solids. Metals are generally able to absorb the strain energy 
through the process of plastic deformation thus redistributing the stress load and blunting the 
flaw, whereas brittle materials have minimal ability to plastically deform. 
 
Brittle materials commonly have a Young’s Modulus (E) in the order of 104 or 105 MPa 
implying great intrinsic strength, however reality has the strength of brittle materials closer to 
10 to 102 MPa; 3 to 4 orders of magnitude lower. The fracture strength of these brittle materials 
is therefore unrelated to the intrinsic material property but rather due to the presence of defects 
or cracks widely known as “Griffith Cracks” these days. Griffith worked to explain the problem 
that theoretical calculations of Inglis were showing that the stresses at the tip of a crack 
approaches infinity, the result of which would be catastrophic failure at the lightest of loads. His 
development of a thermodynamic approach which requires that for a crack to grow it must be 
supplied with sufficient energy to generate the resisting surface energy of the material, the 
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source of which is the loss of strain energy from the accompanying relaxation of global stresses. 
Fractures were postulated to occur when the loss of strain energy is sufficient to provide the 
necessary increase in surface energy required by the crack2.             
 
In summary, brittle materials such as ceramics are weakest when exposed to tensile stresses, 
hence it is generally considered meaningful in the assessment of the merits of ceramics to 
subject them to tensile forces. In ceramic FPD’s it is the gingival embrasure area which is 
considered a primary site of failure being in tension as it is located on the underside of a 
bending beam and displaying an acutely angular stress amplifying corner.    
 
A discussion of the specific ceramics and their manufacturing systems utilised in dentistry has 
been widely and comprehensively covered by Kelly5 and McLean6; it is beyond the scope of 
this chapter to reevaluate this area.  
 
 
3.1 All-Ceramic, Inlay Supported Fixed Partial Denture Design 
 
Proper designs for the critical connector and pontic must relate favourably to the law of beams 
which simply stated, deflection of a beam increases as the cube of its length, is inversely 
proportional to its width and is inversely proportional to the cube of its height. However unlike 
simple beams, FPDs must conform to anatomical and physiological constraints which 
necessitate restrictions upon their dimensions and geometry.  Ceramics used in place of cast 
metals as a sub-structural element in FPD’s has seen the simple transference of conventional 
porcelain-fused-to-metal (PFM) designs to all-ceramic structures. Core ceramics and the newer 
monolithic ceramic systems possess significantly higher elastic moduli and strengths than ever 
before; nevertheless, contrasts in elasticity and geometry issues largely determines stress 
distribution and hence modes of failure5.  
 
The capacity of ceramics to bear loads is limited by their modest strength and low fracture 
toughness or high Young’s Modulus1,7; this low fracture toughness is further impacted upon by 
the process of moisture assisted time-dependent, sub-critical crack growth so markedly 
displayed by ceramic systems. The multitudes of microscopic surface flaws formed during 
processing from incomplete densification lower the practical strength of ceramics by two to 
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three orders of magnitude from the theoretical maximum of the perfect specimen and cause 
large variations in strength and a time dependency due the variations in the distribution and 
depth of the initial cracks and their time dependent propagation to critical failure. This slow 
crack growth is the result of a chemical interaction between the ceramic or brittle solid and its 
environment, usually water which causes the hydration and hence breaking of the ceramics 
metal-oxygen-metal bond8 and together with cyclic fatigue is an important factor in the 
weakening of ceramics intra-orally9. 
 
 The phenomenon of time dependent crack growth was first observed by Obreimoff around 
1930. Whilst experimenting on the cleavage of mica, Obreimoff noted that the insertion of a 
glass wedge cracked the mica almost instantaneously in air whilst in a vacuum the crack crept 
for several days before finally failing. This observation hinted strongly at the role of chemicals 
in the process of accelerating crack propagation and is an issue in the accelerated demise of 
ceramics intra-orally due the moisture absorption1.    
 
 
Ceramic strength variation due to the variability of crack distribution can be averaged 
statistically based on the distribution of flaws within a sample, but individual samples will vary 
greatly.  Small samples are generally stronger than larger samples due to the lesser probability 
for finding large cracks in the material with less surface area and generally stronger by a factor 
of approximately 1.7 times in bending than in tension due to less of the volume of the sample 
being exposed to destructive “stretching” of the force8.  
 
Weibull1 developed the following formula to handle the statistics of fracture strength due to the 
recognition of the huge variability in strength and lifetime reliability of brittle materials  
 
                                  P = 1 – exp [- (σ1/σ0)m] 
 
where P is the failure probability, σ1 the samples’ inert strength, σ0 the samples’ Weibull 
scaling stress and m the Weibull modulus which is a measure of the variability in strength of the 
material, corresponding to the shape of the distribution curve1. A larger m relates to a more 
homogenous material and thus narrower range of strengths.  Engineering ceramics typically 
have a Weibull modulus variability of between 10 and 15 compared to 5 for window glass 
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hence demonstrating the greater reliability of these ceramics over domestic glass8. Thus the 
evaluation of a loaded complex material structure such as ceramic dental crowns requires the 
use of finite element analysis along with Weibull based statistical approaches to predict its 
reliability.  
 
Stresses and strains within the tooth/ restoration complex is the result of the abutment 
preparation geometry (reviewed above), the morphology and geometric outline of the 
restorative/ prosthodontic material10, whether the material is homogenous or multi-layered11, 
abutment conditions such as the material of the abutment (particularly its Young’s modulus) 
and whether the abutments are fixed or allowed to rotate under load. Clinically, the fracture 
resistance of ceramic FPDs is largely related to the size, shape and location of the connectors 
and stresses applied to the pontic span. The non-uniform, highly complex shape of dental 
prostheses and in particular the narrowing of the minor connector between abutment and pontic 
results in the concentration of stresses; these stress resolve themselves into compressive at the 
occlusal surface and tensile at the  gingival aspect due to the relatively small radius of curvature 
at the embrasure12.  
 
 
 
3.2 A Discussion of the Relationship between the Gingival Embrasure of a 
FPD and its Long-term Survival 
 
Many studies have demonstrated or discussed that broadening the curvature of the gingival 
connector of FPD’s results in better distribution of stresses, as seen in figure 213-26, however the 
relationship between radius of curvature and fracture resistance has not been examined in 
enough detail21 nor has any FEA been validated with bench-top testing.  
 
The issue of examining the stresses at the embrasure of all-ceramic, fixed partial dentures and 
more specifically inlay retained/supported fixed partial dentures is a major theme of this thesis 
together with the validation of the anatomically correct finite element analysis which has 
hitherto not been convincingly demonstrated.   
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The next chapter will expand the discussion of modern fracture mechanics with the 
development of the stress intensity factor concept by Irwin after WWII, and its application in 
finite element analysis.  
 
 
 
 
 
Figure 2. Schematic representation of the radius of curvature r at the gingival embrasure, taken 
from Oh and Anusavice12. 
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                                                 Chapter 4 
               Finite Element Analysis and Modern Fracture Mechanics 
 
Finite element analysis (FEA) has proven to be a useful tool in the modeling, simulation and 
evaluation of objects responses to external forces to the extent that we are heralding a new 
approach to scientific method where the use of numerical based design and analysis techniques 
is used as an alternative or additional step prior to traditional experimental observation methods 
and prototyping or iterative methods.1,2 This new approach to the scientific method not only 
allows the conservation of time and physical resources but permits precise prognosis and 
optimization of performance by allowing the designer to quickly test models and variations 
without resorting to physical modeling, thus permitting a large number of hypothetical 
simulations to be conducted in ways more complex and flexible than available in vitro. FEA 
promises to more accurately model the real world behaviour of complex clinical situations, thus 
allowing more exact prediction of the failure mechanisms seen clinically, as opposed to 
traditional bench top fracture tests utilizing spherical indenters.3   
 
The process of FEA involves the application of the finite element method which is a 
mathematical technique utilised to predict the response of structures to external forces. FEA 
evolved from the need to solve complex elasticity and structural analysis problems in 
engineering where analytical solutions do not exist either because the geometry or some other 
feature of the problem is irregular such as material inhomogeneity and anisotropy. Analytical 
techniques typically involve continuum solutions for the entire system, whereas FEA solves for 
the system considered as connected or meshed individual elements to obtain an approximate 
solution.  
Conceptually, FEA dates back to antiquity (with Archimedes being first credited with using the 
principle), where mathematicians approximated the circumference of a circle through the use of 
polygons of smaller and smaller sides which ‘converge’ on the true value. These polygonal 
units are termed finite elements today and represent the underlying principle of FEA, that of the 
discretized or ‘meshed’ domain incorporating numerous elements connected at ‘nodes’, thus 
turning the original continuous geometric problem with infinite degrees of freedom, into a 
simplified domain with a finite number of degrees of freedom (DOF), but which can be solved 
mathematically through the application of partial differential equations (PDE).                       
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The choice of element shape and size is fundamental to the accuracy of the final solution; 
increasing the complexity of and quantity in element shape results in increased computational 
overheads which may or may not bring the benefit of accuracy. Convergence analysis or 
verification is the process of demonstrating that the numeric model agrees with the underlying 
mathematical model and is performed on successive runs of varying mesh size until the same or 
acceptably similar result is obtained. This enables the calculation of an optimal balance between 
mesh size and therefore accuracy in relation to time through calculating and comparing 
discretization errors resulting from increasing the number of degrees of freedom in the model 
(refining the mesh or increasing element orders); the data should ideally in engineering terms 
show insensitivity or not significantly change. In fact, any FEA result should be produced by a 
convergence process rather than by a single solution4. A convergence test may also work as a 
spotter for particular modelling errors called singularities which may be masked by the 
discretization error. Convergence testing for the author’s FEA allowed the selection of an 
optimal sized mesh that would result in confidence in the accuracy of the model generated and 
hence the likely hood of a satisfactory validation of the model. 
 
For a simple analysis, one-dimensional elements may suffice, typically though, two-
dimensional elements are considered the minimum with rectangular of quadrilateral elements 
proving most advantageous. Three-dimensional elements are becoming ever more popular and 
may comprise tetrahedrons as was used in our analyses, or even a hexahedron which is obtained 
through the assemblage of five tetrahedron elements. Higher order elements which possess 
curved sides are even possible and highly useful for problems with curved boundaries5.  
 
Figure 3 illustrates the complex mesh pattern utilized for the authors FEA; specifically, it 
involves the incorporation of numerous three dimensional tetrahedron shaped elements, 
dividing the original domain into numerous subdomains called elements. The spacing of the 
elements or the number of nodes involved determines the local error size if the PDE, with finer 
grids generally leading to greater accuracy in the solutions, but with greater computational 
overheads. Adaptive mesh refinement as used below superimposes a grid pattern varying in 
resolution according to the degree of accuracy required in a specific problem locality or 
boundary i.e. notches, curves, corners and areas with stresses changing hence providing a 
balance in the need for accuracy versus efficiency; it does however rely upon a high degree of 
knowledge to be able to predict the precise regions requiring mesh enhancement.  
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Newer techniques have been developed to automate the updating of mesh refinement based on 
a-posteriori error estimation, thus generating and adapting mesh refinement as the computation 
progresses6.          
 
Figure 3.  Adaptive 3-D FEA mesh of the inlay bridge system comprising tetrahedron elements. 
 
 
FEA is therefore a tool that will enable the complexity of stresses and strains evolving from a 
complex loading situation to be resolved into a meaningful response in the form of various 
stress contours and also corresponding to any number of failure theories7. The “grand 
challenge” to physicists, engineers and material scientist is to accurately model the damage 
mechanisms and eventual failure of brittle materials; to date no single failure model has 
convincingly validated the failure of brittle solids in vivo8. 
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FEA has become the most widely used technique for design and analysis for engineers, 
particularly in the fields of structural and aeronautical engineering9 and today receives much 
attention from increasingly diverse fields as medicine, biomechanics and dentistry.  
2D FEA has been used in dentistry since at least the early 1970’s10-18 and continues to be 
popular due to its lower resource and time demands compared to 3D simulations, however if a 
system is complicated, irregular and unable to be broken down into 2D elements (as with most 
dental problems), then 3D is more appropriate and is becoming the standard in dentistry.19-22  A 
bibliographical review of the use of FEA in dentistry between 1990 and 2003 was published by 
Mackerle23, citing in excess of 700 publications, from all areas of specialization including 
prosthetics; orthodontics, oral and maxillofacial surgery; endodontics and biomaterials; a 
testament to the flexibility and usefulness of the tool. But are our numerical simulation tools 
mature enough to generate a virtual environment precisely or approximately modeling the 
physical world performance and behaviour of the oral environment or of dental models? Is our 
confidence in the FEM founded upon validation by experimentally measured models or should 
we accept the results with qualification?  There exist two main problems associated with the 
FEM; the accuracy of the model and the validity of the analysis; the former can be assessed via 
a convergence test; the later only through detailed complimentary physical model testing. 
 
                                   
The bulk of FEA validations to date in the field of ceramic restorations and fixed partial 
dentures (FPD’s) and  have been merely qualitative assessments involving comparisons of the 
areas of peak stress against the fracture initiation sites and pathways from bench top test, and 
the quantitative ones had involved the comparison of test data on standardised samples. 
Invaluable as this may be, the results do not provide the quantitative validation of anatomically 
accurate samples required to impart a high degree of confidence in the process, but merely 
provide a level of assurance that the process in not totally erroneous. To date, no published 
paper has been able to demonstrate an adequate agreement between the peak stress responses 
predicted from standard FEA with those from a geometrically and morphologically accurate 
fixed partial denture. Lang et al24 demonstrated that the results could be validated if the samples 
were simple rectangular bars, but this is a long way from being useful clinically in assessing and 
designing prosthetic appliances.        
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A high degree of experience in interpreting the results of the FEA is required, as the stress 
contours do not actually exhibit the fracture but merely displays a map of the stress or pressure 
gradients resulting from an external load. Furthermore, the presence of steep stress gradients 
over relatively small dimensions as exists in the gingival embrasure region of our all-ceramic 
FPD presents a classic problem. The notching effect of the gingival embrasure leads to the well-
known development of a narrow region of strain where increased loading will only tend to 
concentrate or localize further strain, with the balance of the structure behaving in a static or 
rigid manner (as discussed in the previous chapter). The fracture phenomenon in brittle 
materials is characterized by a transition from a state of high local stress concentration at the 
defects leading to a localized failure condition which may provide further extension if the 
stresses or strain energy release rate is high enough. FEA is able to simulate the early stages as 
stress generates but as damage grows, the dissipative mechanism of the structure tends to 
localize the damage, concentrating forces to extremely high values over a diminutive area 
relative to the structure. Stresses theoretically can approach infinity at the crack tip25, an 
occurrence known as a geometric discontinuity and giving rise to a non-realistic singular stress 
otherwise known as a singularity. These features are unable to be adequately resolved with use 
of classic FEA models and in practice, stresses in the vicinity of the discontinuity should be 
disregarded. However for our current investigation, it is precisely the stresses around these 
localized geometric features that we are most interested in as these dictate the site of the 
initiation and developing crack growth trajectory and thus cannot be dismissed. 
 
Such strong localized features, localized deformities, or complex geometries are not able to be 
accurately resolved by mesh refinement in FEA’s largely due to the need for the crack surface 
and crack boundary to be aligned with the mesh thus requiring continuous adaptive remeshing 
techniques for the discrete crack growth simulation; this necessarily involves significant and 
complex computational effort and has thus not been a popular approach. The need to produce a 
more versatile tool for analysis specifically to simulate the extending crack fracture 
phenomenon has led to a number of recent developments including the boundary element 
method26; mesh-free Galerkin method27 and the extended finite element method (XFEM)28  or 
its practical application, the extended finite element analysis (XFEA) which is described in 
Chapter 9. 
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XFEA and classic FEA (or generalised FEA) are essentially identical methods, the approach 
taken by XFEA builds upon FEA however by utilizing the framework of LEFM (linear elastic 
fracture mechanics) to model the discontinuity and the two-dimensional asymptotic crack-tip 
displacement fields to account for the crack thus enabling the cracked domain to be modelled by 
finite elements but without need to mesh the crack surfaces; hence, crack propagation can be 
simulated without any user-intervention or the need to manually remesh as the crack advances. 
This allows the discretization process to develop a mesh completely independent of the 
morphology, propagation and modelling of cracks as opposed to FEA where the nodes must 
conform to the presence of abrupt changes in geometry and material properties29. Standard finite 
element approximations of partial differential equations are incapable of modeling the 
discontinuous nature of the displacement field associated with localized fracture with any 
degree of accuracy30. 
Furthermore, the usual finite element spaces in XFEA are “enriched” or “extended” 31but only 
near the discontinuity such as crack or geometrically complex form, with additional degrees of 
freedom being provided to more accurately reproduce the physical phenomenon. Additionally, 
the increase in the degrees of freedom has resulted in more accurate solutions being developed, 
thus XFEA goes beyond the display of stress contours by accurately mapping the origin and 
subsequent propagation of fracture together with forces generated. 
 
The author’s original FEA described in Chapter 6 (paper 2) was not able to be validated 
convincingly against the experimental model analysis (EMA) for reasons explained above; the 
results though should not be totally discarded because the overall predicted stress pattern and 
location of peak stresses was very accurate and so compared well qualitatively to the 
experimental model analysis (EMA), however the quantum of the predicted peak stress was 
substantially in error. 
A subsequent analysis based upon the XFEA was conducted, utilizing the stereo lithic files 
(STL) from our original study in paper 2. XFEA builds upon classic FEA via an increased 
number of nodes and consequential degrees of freedom in XFEA which results in a model 
behaving with greater realism to loads. Similarly, the decreased number of nodes used in the 
original FEA would generally lead to a simulated structure of lower flexibility/ higher rigidity 
and in general a stronger structures with less stress; this may be seen in ductile materials. In 
brittle materials however there is no such relationship because the elastic modulus is a 
fundamental material property but strength is ultimately determined by the presence and size of 
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defects. Hence there is no clear relationship between Young’s modulus and flexural strength in 
ceramics32 and thus the need for numerical techniques to resolve the complex loading and 
resultant stresses that develop. 
XFEA is a new and resource intensive analysis that was developed to solve problems associated 
with classic FEA’s difficulty in dealing with discontinuities by extending or enriching the 
approximate solution space of partial differential equations with discontinuous functions. 
Manual remeshing due to problems associated with discontinuities is not required, allowing for 
the calculation and display of crack initiation and propagation together with more accurate 
analysis of problems characterized by discontinuous functions, hence providing more accurate 
stress responses than standard FEA techniques. This does not however negate the necessity for 
the validation, but in fact strengthens its need, for as numerical modelling becomes more 
sophisticated and accepted, we are naturally drawn to its allure and seduced into accepting its 
results blindly. This perpetuates a belief in the infallibility of the process and hence a 
diminished need to validate the results ultimately leading to the process itself becoming the 
ultimate proof, a situation akin to the development and introduction of the electronic calculators 
in the 1960’s.  
 
Both classic and Extended FEA are fundamentally processes based upon simplification, with 
the results expressed according to failure criteria that at best only adequately describe reality. 
General acceptance in FEA and a high level of confidence in its ability to confer accurate 
results will only transpire if we are able to quantitatively validate the results against the gold 
standard of mechanical testing. Only then will there be an acceptance of the data as being the 
final proof of concept as opposed to merely another tool in the armamentarium of the 
engineering and scientist.  
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4.1 XFEA: the extension of LEFM into the 21st century.  
 
Our knowledge as to the failure of materials is obtained via bench top testing of uniform and 
standardized samples of the material in uniaxial tension or bending (see chapter 7); how this 
relates to the real loading conditions where at any single point there will exist complex, multi-
axial normal and shearing stresses is a challenge. By means of the two major fracture 
disciplines of failure mechanics (or fracture mechanics which was briefly touched upon in 
chapter 3), which was formulated to address discontinuities and cracks, and phenomenological 
failure criteria (or simply failure criteria), we have analytical tools available to explain both 
experimental and real world observations.  
 
As discussed in Chapter 3, the field of fracture mechanics originated with the works of Griffith 
in 1921 investigating an idealized single crack in two dimensional, isotropic, elastic materials 
under simple tensile stress perpendicular to the crack plane, leading to the concept of the energy 
balance principle based upon thermodynamics. The famous equation obtained from the energy 
balance approach is given by: 
 
                                                   σ = (2Eγ/πa)½ 
 
where σ is the resultant fracture strength of the body, E is the Young’s modulus, γ is the surface 
energy per unit area and a is half the crack length32.           
 
Further refinement by Irwin in the late nineteen forties resulted in the introducing the energy 
release rate G of the material resulting in: 
 
                                                       σ = (EG/πa)½ 
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where  
                                           G = dU/dA 
with d being the average crack width, U being the total potential (or strain) energy and A being 
the crack area. 
The significance of the 𝑮 value becomes apparent with our use of XFEA in chapter 9, where the 
crack evolution is energy based and therefore requiring the materials strain energy release rate. 
𝑮 can be derived from the Irwin fracture condition
12 
below:  
 
 
                                                  𝑮𝑰 =  𝑲𝑰𝑪𝟐𝑬     
                                                                  
 
where KIC is the stress intensity factor/ fracture toughness value with tensile loading and 
defines the stress state at the crack tip singularity, while E is the Young’s modulus; chapter 7 
discusses how this was derived. 
 
K
IC 
defines the critical condition for the onset of cracking and does not necessarily imply that 
failure will occur; the extension of the crack depends on the balance between the surface energy 
and the strain energy release rate. Furthermore, the equivalence of 𝑮 and K
IC 
is important 
because it means that not only is the stress intensity factor K
IC 
a necessary factor in the 
extension of a crack but a wholly sufficient one as well because it embodies the stress at the 
crack tip as well as the strain energy release rate required for crack progression; it defines 
completely the crack tip conditions of stress, strain and displacement. 
 
With the introduction of the stress intensity factor K, Irwin significantly contributed to the 
treatment of the single crack problem and the stresses that develop about the crack tip, namely: 
 
                                       σij = Kfij(θ)/(2πr) ½ 
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where                  
                                           K = Yσ/(πa) ½ 
with σij being the stress tensor component and  fij(θ) being the angular function in a crack tip 
stress field.  Y is a geometric factor that accounts for shape of the crack. 
The equation above implies that at r = 0, the crack tip, σij approaches infinity which was 
alluded to in the preceding chapter. This however does not occur in practice due to small scale 
yielding and hence the development of a zone of plasticity. At the very tip of the crack, we find 
that the theories and application of LEFM not be applicable, further away from the plastic zone 
and into the linear elastic zone which obey Hooke’s Law, the theories and equations of LEFM 
apply.  
K in essence takes on the property of a fracture criterion but applicable only for uniaxial 
situations. Nonlinear elastic materials can be partially treated with the path-independent J 
integral, and the stress at the crack tip may be estimated for uniaxial loads but the analysis of 
multiaxial stress situations, the treatment remains unsatisfactory, requiring us to largely defer to 
the use of failure criterion and most recently FEA.  
 
These basic principles of what is now known as linear-elastic fracture mechanics (LEFM) are 
based upon the presence of inclusions, defects or natural flaws within and upon the surface of 
materials largely due to manufacturing, which for very sharp cracks, these range from 100μm 
down to 1μm33, and introduces issues regarding atomic bonds and covalent-ionic interactions. 
The Griffith-Irwin model of fracture applies to materials exhibiting only a small degree of 
yielding, which occurs at the plastic zone of the advancing crack front. Chapter 8 describes the 
authors SEM observations of how two inclusions of a size accurately predicted by LEFM are 
seen at the primary origin of fracture, providing evidence of a nexus between LEFM and 
experiment.      
 
It is thus these naturally occurring flaws that are primarily the causes of fracture in ceramic 
components and their inherent low degree of resistance to fracture called fracture toughness 
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allowing these cracks to propagate (Chapter 8). Natural variation in the size and hence a large 
degree of scatter observed within identical samples is a property of ceramics; additionally there 
is a size effect relating to increases in sample volume correlating to decreased strength as a 
result of the greater probability of possessing a larger flaw and more significantly, multi-axial 
stress fields allow a greater proportion of defects to be in an orientation likely to cause fracture 
therefore further decreasing strength. 
 
The analysis of the peak stresses at the gingival embrasure of the all-ceramic, inlay supported 
FPD would classically be analysed via the approach of LEFM, appearing to match the model of 
fracture mechanics, but the resulting stress distribution is not simple nor dependent upon the 
single material value of the FPD but is the product of the material properties of the surrounding 
components and the nature of their bonded interfaces. A complex multiaxial pattern of stresses 
is developed within the structure from relatively simple perpendicular loading configurations, 
consequently making the interpretation of the overall prosthetic system complex; this is why 
FEA is seen as being invaluable in aiding us to resolve complex stress states but to do so it must 
express the results according to a global mathematical model known as a failure criterion.    
  
Choosing an appropriate failure criterion, accurately describing and specifying the limits of the 
elastic region for the material system would allow our correct interpretation of the simulation. 
Material properties including stiffness, strength and toughness will all be important variables to 
the behaviour under 3 dimensional loading, and can be readily determined (see Chapter 7).  
Beginning in the nineteenth century and continuing through to today, hundreds theories of 
failure (mostly describing single materials)  have been developed to describe the materials 
behaviour under load,  but no single model however good is currently able accurately predict 
failure in all materials nor give exact and consistent agreement with experiment34. The 
significance of a unified strength theory that is suitable for all materials cannot be 
underestimated in its ability to transform engineering and materials research; until then, it is 
important to choose an appropriate failure theory or compare the results from different theories 
and perhaps opt for the more conservative or the one closest to experimental modelling.  
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FEA’s ability to interpret and understand the behaviour of materials is ultimately dependent 
upon the application of a failure criterion; this mathematical model must be able to predict the 
failure of a structure based upon the behaviour of the material and its geometry to external 
loading conditions based upon stress, strain or energy. It has been commented that strength 
theory is the one most critical imports and determining factors in the use of numerical analysis 
simulations and the adoption of a criteria must be as important as the physics of the problem34. 
Several competing and complementary models have been developed, including but not limited 
to the maximum principle (MP) stress theory (associated with Rankine) which predicts that 
failure will occur when normal stress equals or exceeds the yield strength of the material; 
maximum principle strain theory (associated with Saint-Venant); maximum shear stress theory 
(associated with Tresca and Coulomb) which is based on the concept of limiting the shearing 
stress at which yielding occurs and recognizes that the maximum shear stress is one-half the 
difference between the maximum and minimum principle stresses; single shear strength theory 
(associated with Mohr and Coulomb),  maximum distortion energy theory (associated with von 
Mises) which is based on limiting the energy of distortion and correlates the influence of all 
three principal stresses to the failure. This theory provides the best general agreement between 
experiment and theory for materials that fail through yielding and is the widely used in 
contemporary research35 but is not appropriate to brittle solids because with the exclusion of the 
shear driven mechanism immediately under the indenter or applied load36 (most appropriately 
examinated with von Mises or Tresca), ceramics ultimately fail in tension or first principal 
stress; as such maximum first principal stress failure criterion would be and is generally 
considered most appropriate but does have shortcomings related to be not entirely appropriate to 
both single mode and mix mode (tension plus shear for instance) loading scenarios; of not 
incorporating the statistical behavior of strength scatter/ distribution; or not accounting for the 
size effect of the object on strength.  
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Summary of Conclusions 
1/ Classic FEA techniques are currently unable to adequately represent the stress-strain situation 
present at localities where there exists a rapid change in the displacement field over relatively 
small dimensions. Such strong localized features, localized deformities, or complex geometries 
are not able to be accurately resolved by mesh refinement in FEA’s, thus the development of 
XFEA which builds and extends upon the classic method. Two significant advances feature in 
XFEA as a result; that of allowing the discretization process to develop a mesh completely 
independent of the morphology which negates the requirement for manual remeshing; and the 
enrichment of the element spaces discontinuity such as crack or geometrically complex form, 
with additional degrees of freedom being provided resulting in greater realism in the 
reproduction of the physical phenomenon. 
2/ Unlike classic FEA, XFEA implements the fundamental concepts of LEFM such as the stress 
intensity factor K
IC
 and strain energy release rate 𝑮 at the crack tip. Thus we now see the 
extension of numeric techniques into the realm of classic fracture analysis.  
3/ FEA and XFEA both express their responses according to a global theory of damage called a 
failure criterion. Hence the accuracy and ultimate reliability of the responses in XFEA is 
dependent on both the disciplines of failure mechanics and failure criteria.    
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                                                   Chapter 5 
 
Preface  
The following is a published literature review of the idealised ceramic inlay preparation 
geometry that was conducted to provide a starting point for our own inlay preparation design. 
This was not necessary as practically speaking preparations will differ widely from tooth to due 
to the ravages of caries and anatomical constraints, but as the literature was lacking a consensus 
on this topic, it was considered an important step. 
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                                              Chapter 6 
 
Preface 
The following paper demonstrates that the inlay supported FPD differs by 20% in terms of peak 
stresses from its more traditional full crown supported prosthesis. 
Although the over FEA was not able to be validated, the general overall depiction of the stress 
gradients and location of peak stresses is considered accurate and thus useful. 
Both von Mises and maximum principle stress are considered.   
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                                                   Chapter 7 
 
Preface  
The following paper details the development and testing of the experimental model used to 
validate the numerical analysis. It is novel in its use of partially sintered zirconia as opposed to 
the fully sintered material; we were thus able to more accurately test the fracture response of the 
bridge design and material, and not the entire system which would have occurred due to the 
extreme strength of fully sintered YTZP.  
The fracture path as predicted from the FEA’s “zone of fracture” agrees well with the actual 
fracture pattern observed in the experimental model. 
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                                                   Chapter 8 
 
Preface 
The following published paper (ADJ 2013:58;141-147) details a fractographic analysis, (both 
optical and scanning electron) of one typical fracture specimen resulting from our testing of the 
experimental models from paper 3. This was considered essential in confirming the origin/s and 
trajectory of the fracture and thus provides evidence corroborating the results from the 
numerical analysis. The actual published paper has not been reproduced because of the 
subsequent loss of detail in the images.  
Furthermore, defects or inclusions found at the site of the primary fracture, agree very well with 
the critical flaw size as predicted by LEFM.  
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The all- ceramic, inlay supported fixed partial denture. Part 4. Fracture 
surface analyses of an experimental model, all-ceramic, inlay supported fixed 
partial denture.  
 
MC Thompson, T Sornsuwan, MV Swain  
 
Abstract 
 
In the previous three papers the authors have sought to conduct a thorough analysis of the 
feasibility for the use of zirconia in inlay supported, fixed partial dentures via finite element 
analysis (FEA). Correlating the response of the numerical model against the experimental 
model has never been satisfactorily performed for an anatomically accurate ceramic bridge; 
such validation is crucial if the results from the FEA are to be confidently relied upon.  
Part 4 of the series is a detailed fractographic analysis of the zirconia bridge that was the model 
for the experimental validation in order to confirm the fracture origin/s and fracture trajectory as 
predicted from the FEA. The porous, granular surface of zirconia (both partially and fully 
sintered) does not lend itself to easy surface analysis but the classic fractographic signs (wake, 
hackle lines and compression curl) are present. 
 Excellent agreement between the fracture sites and paths of travel as predicted in the numerical 
analysis exist the with fractographic analysis. Furthermore, the calculated critical flaw size of 
30 to 40µms equates very well with defects seen at the general vicinity of the primary fracture 
origin and the general observed size of critical flaws in machined ceramics which range 
between 20 -50µms, thus providing further confirmation. 
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Introduction 
 
A recently published a series of articles by the authors has compared the stress responses of 
highly developed, all-ceramic, inlay supported fixed partial denture (FPD) against the more 
conventional full crown supported prosthesis with the results concluding the design could be 
clinically successful with tensile stress increases in the order of 20%. A subsequent paper 
detailed the experimental method for validating the responses of the finite element analysis 
(FEA) which to date has not been conclusively performed. Experimental models fabricated 
directly from the FEA STL files (StereoLithography is a file format native to the 
stereolithography CAD software) demonstrated that the fracture pattern developed coincided 
well with the predicted zones of failure from the FEA; 3D FEA is a superb tool in displaying 
stresses developing within the bridge structure in response to an applied load, what it is unable 
to do in its current form however is demonstrate the primary initiation site, direction of crack 
growth and whether alternate origin sites were present.  
Fracture surface analysis or fractography is a mature and accepted in vitro procedure that is 
capable of identifying from the morphology of fracture surfaces, the site of fracture initiation, 
direction of crack propagation and in general the underlying failure mechanism involved in 
brittle material failure. The procedures are well established and standardized1-4. 
Partially sintered yttria stabilized tetragonal zirconia (Y-TZP) was the material of choice for the 
fabrication of the inlay bridges in the authors studies due to the lower strength of the material 
(47MPa) which allowed the testing of the bridge rather than the bridge support system; the easy 
milling of the material; and the elastic-brittle behaviour of the material, mimicking that of the 
fully sintered material5. Extensive testing was necessary however to derive the physical 
properties of the partially sintered zirconia due to the absence of any data in the literature.    
The aim of this paper is to identify via fractographic techniques the principle crack initiation 
site, direction of propagation and estimate the critical flaw size of the partially sintered zirconia. 
To date this has not been published nor have many papers been published on the fractography 
of zirconia bridges; the reason for this lies mainly with the fact that dental ceramics are often 
typically porous and coarse grained in nature hence not ideal for easy fractographic 
interpretation. The presentation of the partially sintered zirconia is remarkably similar to the 
fully sintered material, only with a coarser structure which only gradually becomes more 
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evident when viewed at magnifications above 100x; this does not however significantly detract 
from the investigation nor our assessment. Classic surface markings are present and their 
interpretation unambiguous when assessed with experience. The results will help to 
qualitatively validate the original FEA, providing further evidence aiding its interpretation and 
be of interest to clinicians utilizing zirconia FPD’s. 
 
Materials and Method 
Fracture surfaces of in vitro all-ceramic bridges tested in the authors’ previous paper5 were 
examined via optical microscopy and scanning electron microscopy (SEM). After optical 
examination, the surfaces of the bridge were gold sputter-coated, both for further optical and 
detailed SEM examination. This enables enhancement of the surface reflectivity, revealing more 
detail, especially to oblique lighting. It was found that the testing procedure produced two 
fracture events; one within the body of the pontic, and at molar connector. Thus, two pontic 
fragments were recovered and a total of three surfaces will be examined; two being for the 
mating surfaces of the pontic, and one for the pontic connector. It is generally agreed that where 
available both surfaces of a fracture should be examined for certain details may not be present 
on both mirror images. Though many fractographic features exist, the ones used in this present 
study will be restricted to hackles; wake hackles; arrest lines both major and minor; 
compression curls and arrest line intersections (these are described and illustrated in the 
excellent text of Quinn6).    
 
Critical flaw size calculation is possible with via quantitative fractography if the classic highly 
reflective “mirror region” of the fracture initiation site can be identified; this however is usually 
possible in glass like materials where the irregularities in the initiating flaw become 
compensated and uniform enough in the mirror for accurate determination6. It was however 
impossible to do any such identification due to the granular and porous nature of the ceramic 
creating a highly unreflective surface. Alternatively, the critical flaw size c may be determined 
via linear elastic fracture mechanics (LEFM) if the fracture toughness and flexural strength of 
the material is known using the following relationship: 
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                                 KIC = Y σFc½ 
 
 
therefore:                   c = [KIC / (Y σF)]2 
          
 
where  KIC is the critical stress intensity factor or fracture toughness under mode I loading, Y is 
the geometric factor which accounts for the unique shape of the crack and σF is the stress at 
failure. 
Y varies between √π and 1.12√π depending on the loading and size7. 
 
 It is generally assumed that mode I loading is the overriding cause of fracture for ceramics so 
other loading modes can generally be ignored even if there exists some small degree of mix-
mode loading leading to fracture or if the fracture is not purely tensile but a mix of tension and 
shearing8.  
 
  
 
 
Results 
The calculation of the critical flaw size c is possible by reference to the authors’ previous paper5 
where it was calculated from extensive laboratory testing that the partially sintered zirconia has 
a KIC of 0.456 ± 0.076 MPa√m and a σF of 46.6 ± 6MPa. Hence c equates to 33± 9 µm.   
 
 
The fragments of a typical experimental bridge tested were examined, first optically then via 
scanning electron microscope. We retrieved 2 fragments; the major one (B1) and the minor one 
(S1).  
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Fig 1a. Occlusal view of the fractured pontic with arrows identifying the surfaces viewed 
optically and in the SEM. Figures 2-3 are mapped above to aid orientation. The impressions 
from the triangulated contact of the ball indenter can be clearly seen within the dotted circle 
above.  
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Fig 1b. Photo of the bridge immediately post-fracture, displaying loading condition (5mm steel 
ball loader) and fracture orientations. Three fragments were retrieved but our analysis will be 
restricted to the surfaces of the pontic only. 
Consequently, this produces four surfaces for examination; B1, B2 and S1. 
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At B1 
 
Fig 2a. Stereomicroscope image of the largest pontic fragment, B1. The arrow indicates the 
trajectory of crack propagation originating from the primary initiation site.  Boxed area is for 
detailed examination below.  
 
Fig 2b. Optical image of the primary origin clearly showing hackle lines. 
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Fig 2c. SEM of the gingival aspect of the connector embrasure. This is the primary origin of 
cracking. Hackle lines provide evidence as to the general direction of cracking (as shown by the 
arrow) and the origin somewhere at the base. The area bounded by the white box is magnified 
in Fig 2f. for closer scrutiny. 
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Fig 2d. Higher magnification SEM image of the primary fracture initiation site. Of particular 
interest is the presence of obvious inclusions marked by arrows at the gingival border of the 
embrasure; these measure in the order of 20 to 30 µm, very close to our calculated critical flaw 
size of 33µm. Also of note is the fine crack extending from the area of the left hand inclusion. 
The large light patch in the upper right quadrant of the image is associated with an area where 
gold sputter has pooled leading to increased electron reflectivity.  
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Fig 2e. SEM of the contact loading site. Damage and indentation from the 5mm loading ball is 
clearly evident.  
 
 
 
 
Loading damage 
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Fig 2f. Compression curl feature evident in the outlined box displaying arrest lines. 
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Fig 2g. Higher magnification SEM of the compression curl. Crack arrest line (dotted), is always 
perpendicular to the trajectory of the crack (arrows), indicating the position at which the crack 
momentarily stopped and resumed after a change in stress state. 
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At B2 
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3a.  SEM image of the occluso-lingual aspect of surface B2 (the molar-pontic connector) 
indicating general crack propagation direction. 
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Fig 3b. SEM image of the exit surface border on the molar-pontic connector. The white arrows 
indicate the general trajectory of the crack, with two obvious wake hackle lines circled either 
side of the upper most, white arrow providing further confirmation. The trailing features of the 
wake hackle lines is a tell tail direction marker, acting much like a wind-vane. The dark vertical, 
central band is a major crack arrest line. 
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At S1 
 
 
Fig 4a. Optical image of the minor pontic fragment S1. Hackle lines are clearly visible at the 
lower border coinciding with those seen on the major fragment in fig 2b-d. A secondary fracture 
origin coinciding with the cracking from the ball indenter is framed. The faint grey lines marked 
are the intersection of two crack fronts resulting from the resultant multidirectional stresses. 
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Fig 4b. Higher magnification optical image of the secondary origin. Solid arrow indicates crack 
trajectory resulting from occlusal damage and yielding/damage induced stress. Immediately in 
front can be seen a faint grey crack arrest line. The intersection of two crack fronts can be better 
seen. 
 
 
 
 
 
 
 
 
 
  
 
 
Intersection 
Arrest line 
Intersection 
Fracture 
path 
1mm 
106 
 
Summary 
 
 
Fig 5. Fracture summary schematic. The primary crack initiation site on the pontic (bucco-
gingival aspect of premolar connector) has an occluso-lingual trajectory with a secondary crack 
origin occurring from the ball indenter contact. The fracture of the inlay bridge exhibits multiple 
origins due to the initial vertical load resolving into a complex multidirectional response. A 
compression curl, also known as a cantilever curl, is evident on the lingual aspect of the pontic, 
indicating a change of stress from compression to tension just ahead of the crack.  Such curved 
surfaces as these are generally accepted evidence of mix mode loading, viz. a combination of 
normal tension, shearing and torsion and is typical for complex loading conditions or geometric 
structures. 
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Discussion 
The fracture analysis of the in vitro, partially sintered, all-ceramic bridge revealed the presence 
of multiple fracture origins. The primary origin on the pontic was on the bucco-gingival aspect 
of the premolar embrasure (fig 2a-d and 4a), a common site of failure for most all-ceramic 
bridges9,10, extending in a vertically oblique trajectory towards the linguo-occlusal aspect of the 
pontic. 
A secondary fracture origin is seen at the loading site of the ball indenter (fig 4a); this occurred 
either simultaneously or soon after the primary fracture began as a result of surface contact 
damage/yielding. This is a common finding in clinically failed all-ceramic bridges as a result of 
cyclic contact damage11. The dual origin of pontic fractures can be determined  by analyzing the 
direction and orientation of the hackle and arrest lines; the presence of the arrest line 
intersection in figs 4a and b are most telling however because its orientation does not 
correspond to either single fracture path, but is the result of the interaction of two crack fronts. 
It may be deduced that the velocity of the primary crack front was much higher than the 
secondary or starting much later so as to produce the unique intersection that is parallel to both 
crack fronts. Like waves at sea, the arrest line intersection may be thought of as the cancelling 
out or nulling of approaching wave amplitudes, creating a lull or still water at the surface or an 
arrest line in the ceramic surface.        
The compression curl seen on the lingual aspect of the pontic’s occlusal surface is strong 
evidence that the vertical loading was resolved into a combination of shearing and torsion 
stresses; this is a typical finding for complex morphological objects as opposed to standardized 
laboratory samples where a pure vertical load can often result in normal tension and hence 
clean, vertical fractures. 
The fractographic analysis of the partially sintered zirconia has demonstrated that the material 
exhibits all the classic attributes of fully sintered ceramics, viz hackles; wake hackles; arrest 
lines both major and minor; compression curls and arrest line intersections. No evidence can be 
seen of the mirror and mist region, but this is typical more for glass like surfaces and less so for 
the porous and granular surfaces of ceramics12,13. 
Although it was not possible to derive the critical flaw size c via quantitative fractography, it 
could be determined with the use of LEFM; the critical flaw value of 33±9µm is largely related 
to the defect size of the ceramic and to a lesser degree surface finish and grain size 
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(approximately 0.2 µm) and in the current case two inclusions at the general site of the primary 
origin which are clearly visible measuring 20 to 30µm, along with a fine crack providing 
additional evidence for the initial fracture site. The calculated value of the critical flaw size is 
very satisfying because it has been observed that most critical flaws in machined ceramics range 
between 20 - 50µm and not varying much with grain size8.  
  
Hitherto, the authors are unaware of the use of partially sintered zirconia in the experimental 
testing and analysis of fixed partial dentures. The advantages over the fully sintered material 
include ease of milling; accurate replication; elastic-brittle behaviour; comparable modulus of 
elasticity to dentine; lower strength thus enabling testing of the bridge rather than the bridge 
support system; high enough strength for regular handling; surface  fracture properties akin to 
the fully sintered material thus allowing fractographic analysis. 
We conclude that the fractographic analysis of the all-ceramic bridge is consistent with our 
interpretation of the FEA responses and the predicted “zones of failure” and that the observed 
defects in the material measure very well with the critical flaw size calculated via LEFM.  
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                                                      Chapter 9 
Preface 
 
The following published paper (ADJ 2013:58;434-441) documents the first use in dentistry of 
the most mature form of FEA, the extended finite element analysis or XFEA. As we were 
unable to validate the original FEA with any degree of confidence, the numerical analysis was 
further developed with use of the XFEA; this was able to satisfactorily identify the primary 
origin and trajectory of fracture and the peak fracture load to within 15%. Both von Mises and 
maximum principle stresses are shown, with the latter being the most accurate. 
The authors believe that this is the first published account of an anatomically realistic FEA 
being validated.      
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The all-ceramic, inlay supported FPD. Part 5 – eXtended Finite 
Element Analysis (XFEA) validation  
 
Thompson MC, Zhang Z, Field CJ, Li Q and Swain MV. 
 
 
ABSTRACT 
Background 
This paper is the last in the series detailing an investigation into the all-ceramic, inlay supported 
fixed partial denture,  the major concern of which has been the examination of the stress 
responses of the bridge via the use of finite element analysis (FEA) and its validation. The 
progression from a classic FEA to the current extended or enriched FEA (XFEA) will described 
and the validation performed. 
 
Methods 
XFEA modelling was compared and validated against the experimental model analysis (EMA) 
described in Part 3.  
Results 
The two EMA load case fracture strengths of 160N and 313N, compares favorably with the best 
two fracture predictions from the XFEA of 185N and 213N (maximum principal stress 
criterion) respectively, with the origin of fracture and overall trajectory and pattern of crack 
propagation agreeing very well.  
Conclusions 
XFEA load prediction is within 15% of the EMA in the best case. The sensitivity of the bridges 
to loading position variations was able to be accurately predicted by the XFEA together with the 
change in fracture origin from the molar to premolar embrasures. With this, the authors believe 
that they have provided a convincing validation both qualitatively and quantitatively, of an 
anatomically accurate dental bridge.    
 
Keywords: all-ceramic, crack initiation, extended FEA, inlay supported FPD, finite element 
analysis validation  
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INTRODUCTION 
Over the previous four papers the authors have attempted to develop and publish a definitive 
series detailing aspects of the relatively novel all-ceramic, inlay supported fixed partial denture 
(FPD) design and have utilized the numerical technique of the finite element analysis (FEA) to 
assess and compare the virtual models and responses to a range of loading conditions. The 
responses to the external forces can be assessed and compared repeatedly so that refinements 
can be implemented, a process known as optimization, and a favourable solution developed at a 
considerable saving in time and costs. Fundamental to the development process is a correlation 
or validation study which subjects an experimental model to equivalent tests that are modelled 
in the FEA in the anticipation of returning a good or excellent agreement thus demonstrating the 
reliability of the FEA; the validation study has become a major theme in this series. 
 
The papers to date have included a literature review on the ideal clinical preparation design1; a 
comparative finite element analysis (FEA) of the inlay retained FPD against the more 
conventional full crown supported prosthesis2; a detailed description of the experimental design 
for the bench top model or experimental model analysis (EMA)3; and a fracture surface 
analysis4, which described the  excellent agreement between the critical flaw size as predicted 
by linear fracture mechanics (LEFM) and the defects seen at the primary origin of fracture. Our 
investigation into the ceramic bridge system utilized the relatively mature 3-D FEA approach to 
display stresses within the ceramic system in an attempt to better understand the failure 
mechanisms in the brittle polycrystalline material. The use of FEA to determine stresses both 
within restorative materials and their supporting teeth, periodontium and jaws was first utilized 
thirty years ago and its benefits for resolving complex structural problems in dentistry quickly 
became apparent5, with its appeal gradually shifting from that of an adjunctive investigative 
tool to that of the apparent definitive “gold standard” of experimentation. This however remains 
unconvincing for without the supporting evidence borne from the validation of an anatomically 
accurate dental prosthesis, the results from the use of FEA in dentistry must be viewed with 
some scepticism. It has therefore been the ultimate challenge of this series to provide a 
definitive validation of the FEA, and if this could not be achieved, at least provide reasons as to 
its failings. 
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The microstructure of the ceramic plays an important role in determining the mode and 
mechanism of fracture and hence its real world behaviour in the oral environment. For the 
validation, thorough and detailed investigations into the physical properties of partially sintered, 
yttria stabilized polycrystalline tetragonal zirconia (Y-TZP) blocks was conducted as these were 
brittle and able to be broken in a realistic manner without testing or inducing damage to the 
supporting system as detailed in Paper 33.  The following physical properties for the partially 
sintered Y-TZP were measured; fracture strength (46.6MPa ± 0.6); fracture toughness (0.456 
MPa√m ± 0.076) and elastic modulus (15.65 GPa± 0.4). 
 
Our original FEA as detailed in Part 22 began in 2007 and at the time was considered leading 
edge by way of its 3 dimensional modelling as opposed to the more common 2 dimensional 
analysis, and included accurate modelling of the periodontal ligament and supporting structures. 
Qualitatively, there has been excellent agreement between the zones of fracture as predicted by 
the FEA and the actual origin of fracture exhibited by the EMA in Part 33; this was further 
corroborated and expanded upon in Part 44 where detailed optical and scanning electron images 
identified the primary origin of fracture and the presence of defects which are accurately 
predicted dimensionally by LEFM. 
 
The authors however were unable to satisfactorily quantitatively validate the original FEA, by 
way of comparing the peak tensile stress response in the FEA to the 200N applied static load 
and relating this to its fracture strength. Nonetheless, as a direct comparison between two 
systems vis-á-vis inlay and full crown, the authors believe the results were meaningful in terms 
of the pattern and distribution of stresses generated; areas of peak tensile and compressive 
stresses; and the relative degree of change in peak stresses between the two systems which we 
concluded as approximately 20% higher (as measured by Maximum Principal stresses) in the 
inlay supported system as compared to the full crown supported system. 
 
The fracture phenomenon in brittle materials is characterized by a transition from a state of high 
local stress concentration at the defects leading to a localized failure condition which may 
provide further extension if the stresses or strain energy release rate is high enough. FEA is able 
to simulate the early stages as stress generates but as damage grows, the dissipative mechanism 
of the structure tends to localize the damage, concentrating forces to extremely high values over 
a diminutive area relative to the structure. Stresses theoretically can approach infinity at the 
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crack tip6, an occurrence known as a geometric discontinuity and giving rise to a non-realistic 
singular stress otherwise known as a singularity. These are unable to be adequately resolved 
with use of classic FEA models and in practice, stresses in the vicinity of the discontinuity 
should disregarded. However for our current investigation, it is precisely the stresses around 
these localized geometric features that we are most interested in as these dictate the developing 
crack growth trajectory and thus cannot be dismissed. 
 
Such strong localized features, localized deformities, or complex geometries are not able to be 
accurately resolved by mesh refinement in FEA’s largely due to the need for the crack surface 
and crack boundary to be aligned with the mesh thus requiring continuous adaptive remeshing 
techniques for the discrete crack growth simulation; this necessarily involves significant and 
complex computational effort and has thus not been a popular approach. The need to produce a 
more versatile tool for analysis specifically to simulate the extending crack fracture 
phenomenon has led to a number of recent developments including the boundary element 
method7; mesh-free Galerkin method8 and the extended finite element method (XFEM) 9 
which shall be utilized in our current study. 
 
Generally speaking, the approach taken by XFEA utilizes the framework of LEFM (linear 
elastic fracture mechanics) to model the discontinuity and the two-dimensional asymptotic 
crack-tip displacement fields to account for the crack thus enabling the cracked domain to be 
modelled by finite elements but without need to mesh the crack surfaces; hence, crack 
propagation can be simulated without any user-intervention or the need to remesh as the crack 
advances. This allows the discretization process to develop a mesh completely independent of 
the morphology, propagation and modelling of cracks as opposed to FEA where the nodes must 
conform to the presence of abrupt changes in geometry and material properties10.  
 
Furthermore, usual finite element spaces in XFEA are “enriched” or “extended” 11 but only 
near the discontinuity such as crack or geometrically complex form, with additional degrees of 
freedom being provided to more accurately reproduce the physical phenomenon. Additionally, 
the increase in the degrees of freedom has resulted in more accurate solutions being developed, 
thus XFEA goes beyond the display of stress contours by accurately mapping the origin and 
subsequent propagation of fracture together with forces generated. 
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The aim of this study is to detail the development of the XFEA; compare and contrast the 
stress contour plots and fracture origin and trajectory predicted by the numerical analysis with 
the experimental model developed previously; and analyse the effects of variations to the 
position of the loading.  
 
 
 
 
Materials and Method 
Pre-processing 
Geometry Acquisition 
The model in XFEA was created from STL file (stereo lithic file) containing the geometry 
acquisition based upon a micro CT (computer aided tomography) image of a natural (cadaver) 
mandible section from the lower right posterior segment where a first molar was absent. The CT 
capture was digitized in Amira v 4.1.1 (Visage Imaging GmbH) to capture the geometry of the 
cortical bone, cancellous bone and dentine. 
 
Geometry (bone & dentine) were then refined in Geomagic Studio v9 (Geomagic Inc.USA). 
Geometries were imported into Rhinoceros 3D v 4.0 (McNeel Inc.USA), and then the PDL 
(periodontal ligament) 0.3mm, generated in the tooth sockets. The 3D inlay retained FPD was 
created utilizing the idealized inlay design parameters from paper 1 together with supporting 
structures consisting of an inlay bridge denture, adjacent teeth, periodontal ligament, cortical 
bone, cancellous bone as shown in Figure 2. All relevant dimensions are indicated including the 
radii for the molar and premolar gingival embrasures which are 0.46mm and 0.41mm 
respectively (Figure 1). 
 
116 
 
 
Fig.1 Mesio-distal view of the FPD design and dimensions, all units are in mm.  
 
Meshing type, size & numbers 
The meshed model was developed using ABAQUS 6.11 (Dassault Systèmes, France) to form 
4-node linear  tetrahedral  elements  with  varying  global  element  sizes  of  1  mm  for  
cortical  & cancellous bone; 0.4 mm for the PDL and 0.36 mm for adjacent teeth and inlay 
FPD. Total number of elements were 34891 for cortical bone; 35721 for cancellous bone; 7845 
for the PDL surrounding premolar tooth; 9289 for the PDL surrounding molar tooth; 80794 
for the adjacent premolar tooth; 119683 for the molar tooth and 81590 for the inlay fixed 
partial denture. 
 
Material properties 
Certain assumptions are needed to simplify and reduce overall processing in all FEAs and so to 
XFEAs and it is the accuracy of these predictions of material properties; element type and size 
made during the discretization process and boundary conditions that will ultimately govern 
the overall reliability and accuracy of the analysis. In our problem, all the materials 
involved are considered to be isotropic, homogeneous, and linearly elastic. The necessary 
material properties of tooth, supporting structures and prosthesis are listed in Table 1. The 
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fracture toughness of partially sintered zirconia was determined from the single- edge V notch 
beam test; the process by which this was performed is detailed in a previous study (Paper 3). 
The fracture toughness of FPD ceramic is 0.456 MPa√m with a standard deviation of 0.076 
MPa√m. 
 
Table 1. Material properties used in the numerical simulation. 
Material Elastic modulus (GPa) Poisson's ratio Tensile strength (MPa) 
 
Adjacent teeth 
 
84.1 
 
0.2  
Cortical Bone 12.2 0.26  
Cancellous Bone 1.22 0.31  
Periodontal ligament 0.07 0.45  
FPD ceramic 15.6 0.28 47 
Steel Indenter 200 0.3  
 
 
Load and boundary conditions 
A force acting perpendicular through an indented area of approximately 5 mm2 was 
applied to the central fossa of the pontic and loaded evenly over the resultant area. Several 
variations to the position of the indenter were tested because of the known sensitivity of the 
bridge to loading (see discussion). Shifts of up to 1mm in the mesio-distal and bucco-lingual 
directions relative to the axis of the bridge were made in order to best match the EMA; only the 
best two matches shall be reported here. In the first scenario, the indenter was shifted 0.678mm 
to mesial - load case I comparison, and 0.888mm to distal side - load case II comparison. The 
maximum load magnitude of 400 N was increased linearly over the defined time of 1 minute 
until fracture occurred. The boundary of the bone segments was fixed with no displacement in 
any direction allowed whilst the contact surfaces among each component of the model were 
considered fully bonded as illustrated in Fig. 2. 
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Fig 2. Loading and boundary conditions schematic.   
 
Post-Processing 
The resultant geometry was brought into the FEA programme ABAQUS 6.11 (Dassault 
Systèmes, France) for post-processing, with the analysis displaying maximum principal stresses, 
von Mises stress and most uniquely identifying the crack origin as well as the subsequent early to 
intermediate fracture path. 
 
Fracture criteria by XFEM 
In the extended finite element method, a maximum principal stress-based damage initiation 
criterion was enriched by additional functions using the framework of partition of unity. Crack 
initiation was based on the maximum tensile stress value in an element in the structure. When 
the maximum principal stress reached the predefined tensile strength of material (47MPa), 
cracking is initiated and the propagation extended until about half way through the body of the 
pontic. The XFEM functions via the fracture of individual enriched elements of the structure 
which is shifted and reanalyzed; due to the complexity and processing time of 3D modeling in 
XFEM, the crack is never completely extended occlusal surface of the pontic.    
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Crack propagation is based on strain energy release or (crack opening) displacement in the 
XFEA. In the case of a homogenous stress field, the crack will propagate in the direction 
perpendicular to the maximum principal stress. 
 
In this study, a maximum principal stress-based damage initiation criterion is employed in finite 
element analysis with crack initiation based on the stress value at the centre of an enriched 
element. When the maximum principal stress, 𝝈𝟎𝒎𝒂𝒙, reaches a predefined critical value, the 
initial crack occurs in the model as indicated in the formula below: 
 
𝒇 = 〈𝝈𝒏〉
𝝈𝒎𝒂𝒙𝟎
 
 
where 𝝈𝒏 is a normal stress and is the maximum tensile stress acting perpendicularly. Thus the 
crack plane is solution dependent and perpendicular to the direction of the maximum principal 
stress. 
 
As the damage evolution in our current XFEA is an energy-based criterion, we therefore require 
the materials strain energy release rate 𝑮. 𝑮 can be derived from the Irwin fracture condition
12 
below:  
 
                                              𝑮𝑰 =  𝑲𝑰𝑪𝟐𝑬 = 𝟏𝟑.𝟑 𝐉/𝐦𝟐    
                                                                  
where KIC is the stress intensity factor/ fracture toughness value with tensile loading and E the 
Young’s modulus which were derived in paper 3 of this series. K
IC 
defines the onset of cracking 
and does not necessarily imply that failure will occur; the extension of the crack depends on the 
balance between the surface energy and the strain energy release rate. Furthermore, the 
equivalence of 𝑮 and K
IC 
is important because it means that not only is the stress intensity factor 
K
IC 
a necessary factor in the extension of a crack but a wholly sufficient one as well because it 
embodies the stress at the crack tip as well as the strain energy release rate required for crack 
progression. 
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Results 
XFEA plots for the fracture pattern in load case I are shown in Fig. 3, with the indented 
area centroid loaded 0.68mm to mesial side of the central fossa; maximum principal stress 
provide the indication to the risk of failure and occurred at a load 160N. The mature crack in the 
EMA from the author’s earlier paper (Fig. 4) occurred at a load of 185N; there can be seen a 
very good match in both the origin of crack development and its propagation towards the central 
fossa and loading site. Maximum von Mises stress (50.48 MPa) and maximum principal stress 
(47.03 MPa) are displayed at the instant of the initial fracture event (Fig. 5), moreover, 
maximum von Mises stress occurred on the occlusal surface of the pontic beneath the 
contact area , with maximum principal stress occurring in the inferior connector region 
between pontic and adjacent molar tooth as indicated.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 XFEM fracture pattern for load case I. Initial crack generated at a 160N load with origin 
at the molar gingival embrasure. 
160N 
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Fig. 4 Fracture pattern generated from experimental model analysis. Fracture occurred at 185N 
with origin at the molar gingival embrasure. 
 
 
 
Fig 5. Plots of the von Mises and maximum principle stress contours for inlay FPDs model for 
load case I. The initial fracture and peak tensile stresses are identified in the maximum principal 
stress contour plot, being located at the molar gingival embrasure. 
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XFEA plots for the fracture pattern in load case II are shown in Fig. 6, with the indenter 
loaded area displaced 0.89mm to the distal side of the central fossa; maximum principal stress 
provide the indication to the risk of failure and occurred at a load 213N. The mature crack in the 
EMA from the author’s earlier paper occurred at a load of 313N (Figs. 7a, 7b); with the slight 
shift in loading position, there has occurred a large variation in the origin of fracture, now being 
initiated at the premolar gingival embrasure. Overall, the peak stresses and general stress 
distribution within the bridge had been changed resulting in a fracture load increase of one third. 
Currently XFEA can only simulate one event at a time, nevertheless, the vertical fracture 
separating the pontic from the molar, as was indicated in paper 4, occurred after the primary 
crack had finished and was thus not related to the overall event. Maximum von Mises stress 
(42.69MPa), the maximum principal stress (47.46MPa) and the minimum principal stress 
(47.01MPa) are displayed at the instant of the initial fracture event (Fig. 8).  The maximum von 
Mises & minimum principal stresses occurred at the premolar occlusal embrasures, while the 
maximum principal stress occurred at the premolar gingival embrasures as indicated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 XFEM fracture pattern for load case II. Initial crack generated at a 213N load with origin 
at the molar gingival embrasure. 
 
 213N 
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Fig 7a. Buccal aspect of the fracture pattern generated from experimental model analysis. 
Fracture occurred at 313N with origin at the premolar gingival embrasure. 
 
 
 
 
Fig 7b. Lingual aspect of the fracture pattern. The vertical fracture occurred after the initial 
oblique fracture event had finished and was not related to the overall fracture 
phenomenon. 
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Fig 8. P l o t s  o f  t h e  von Mises stress contours and maximum & minimum principle 
stress contours for inlay FPDs model at load case II. The initial fracture and peak tensile 
stresses are identified in the maximum principal stress contour plot, being at the premolar 
gingival embrasure. 
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Discussion 
Quite early in the our exploration of the role of changes in various boundary and loading 
conditions it was noticed that minor changes in loading placement resulted in significant 
variations to both the fracture pattern and ultimate fracture load. Large fluctuations in the 
fracture loads could not be explained through statistical scatter of the material strength of the 
partially sintered zirconia due to the very low standard deviation in the material strength and 
fracture toughness; likewise the almost random preference for either fracture at the premolar 
or molar embrasure could not be explained via chance alone. The loading of the bridge 
prototypes during the EMA was done as consistently as possible; even so we could not 
guarantee that the location of the loading ball indenter, which was rigidly fixed to the load cell, 
was identical from one sample to the next. Modelling conducted on the effects of loading 
position variations was performed in the original FEA which resulted in dramatic differences in 
the distribution and magnitude of peak stresses within the bridges, hence we were confident that 
this alone would account for the fluctuations in the EMA. 
 
A comparison of load case I to II reveals profound differences in the fracture load (160N vs 
213N); origin and direction of fracture; and overall distribution of stresses within the bridges. 
This corresponds very well to the bridge prototype failures both qualitatively and especially in 
load case I quantitatively with the XFEA load prediction being within 15% of the EMA. A 
fundamental difference in of the loading of the XFEA and the EMA must be noted; in the 
numerical analysis, the simulated load was via a cylinder evenly applying a force over a 5mm2 
area of the central fossa of the pontic; the prototype however had its load applied via a 5mm 
diameter loading ball placed in the most stable position in the central fossa. The difference in 
the two loading scenarios was necessitated by the difficulty in delivering an area load to the 
prototype and conversely, simulating a ball load in the XFEA, so a decision was made to utilize 
the two varying loading configurations and explore the effects of load displacement in the 
XFEA to account for any differences.  
 
A comparison of the failure criterion used in the XFEA reveals that the maximum principal 
stress criterion is most able to accurately predict the stresses and fracture behaviour of the 
experimental model. In loads case I, the maximum von Mises is situated near the centre of the 
pontic, closely coinciding with the loading site which is indeed a location of high compressive 
stress but not high tensile stress which is driving force for fracture. The maximum principal 
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stress criterion however accurately predicts the location of peak tensile stresses at the molar 
gingival embrasure, its orientation and the location of peak compressive stresses also coinciding 
with the loading site. A comparison of the stress contour plots for load case II reveals more 
consistency with the both the von Mises, Maximum Principal and Minimum Principal stresses 
peaking in the vicinity of the premolar embrasure. Only the Maximum Principal stress criterion 
accurately locates the peak tensile stresses and hence the likely location of the fracture origin as 
being at the premolar gingival embrasure.  
 
Overall, there is very good agreement between the location of peak tensile stresses and hence 
the fracture path generated in the XFEA with the fracture pattern seen in the EMA (Figs. 7a, 
7b) where the lingual view shows the crack extending mid-way through the lingual face of 
the pontic, whereas from the buccal aspect, the crack propagates in closer proximity to the 
mesio-buccal cusps. The scanning electron micrographs of this bridge (paper 4) 
i d e n t i f i e d  that the primary origin of the fracture occurred at the bucco-aspect of the 
premolar embrasure; stress contours and initial crack pattern as displayed in the XFEA suggests 
that the peak tensile stress location lies in fact at the linguo-gingival aspect of the embrasure. 
It must always be kept in mind that the numerical modelling suggests a likely fracture pattern 
based upon the fundamental material properties and geometry of the bridge; the actual point of 
fracture however is largely due to the presence of critical flaws and defects (discussed in Part 
44) and in the current case, two flaws measuring 20-30µm (very close to the 33µm derived 
through LEFM)were identified at the bucco-gingival aspect of the embrasure which are stress 
concentration areas, thus affecting the fracture resistance of the FPD models, and hence likely to 
be the site of initial fracture. The fracture patterns in both numerical and experimental results 
indicate a failure path that connects the weakest connector with the occlusal loading point. 
 
There exists a gradient of tensile stresses beneath the surface of the bridge. If the strain energy 
release rate for the extension of a crack is less than the value for the strain energy release rate at 
the point of crack extension under mode I loading (G < GIC), then the crack will arrest until the 
load increases such that G > GIC. The tougher the material the more stable the crack and the 
greater the load required for the extension of the crack. Hence, not only does the comparison 
serve to demonstrate to validity of the XFEA, but provides confidence in the ability of the 
XFEA to predict the consequences of alterations to material properties.   
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The increased number of nodes and consequential degrees of freedom in the XFEA results in a 
model behaving with greater realism to loads. Similarly, the decreased number of nodes used in 
the original FEA would generally lead to a simulated structure of lower flexibility/ higher 
rigidity and in general a stronger structures with less stress; this may be seen in ductile 
materials. In brittle materials however there is no such relationship because the elastic modulus 
is a fundamental material property but strength is ultimately determined by the presence and size 
of defects. Hence there is no clear relationship between Young’s modulus and flexural strength 
in ceramics13and thus the need for numerical techniques to resolve the complex loading and 
resultant stresses that develop. 
 
In this study, mapping of the fracture phenomenon by XFEA required additional material 
properties such as the strain energy release rate and fracture strength; with these combined 
physical properties, the XFEA is able to predict a fracture pattern rather than simply a static 
stress analysis with classic FEA where only the elastic modulus together with Poisson’s ratio are 
used.   
 
The two load cases detailed are very good agreement with the EMA detail in paper 3 and with 
this the authors believe they have qualitatively and quantitatively validated the XFEA and 
demonstrating that with this mature form of FEA, an accurate solution to anatomically accurate 
loading problems is now possible. 
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                                                Chapter 10 
                                     Summary and Conclusion 
 
The research aims of this thesis were to examine the numeric method of the finite element 
analysis as it applied to the all-ceramic, inlay supported FPD as this particular retention 
method was not only less popular than its full crown or onlay counterpart but also a riskier 
and more challenging alternative. As much research has been conducted into the full crown 
supported all-ceramic bridge, it was decided that FEA and its validation of the inlay version 
would serve not only as an examination of the FEA technique but to highlight the relative  
advantages, disadvantages and likelihood of success for this more clinically conservative 
option.  
 
The research outcomes as demonstrated via a unique series of five related published papers, 
that the numeric tool of the FEA or in its most advanced form, the XFEA is robust and 
capable of accurately predicting both the origin and trajectory of fracture (in its current form, 
only a single origin is possible), and the magnitude of stress at fracture; thus providing the 
engineer and clinician with the confidence required to rely and extrapolate upon its responses.  
 
In chapters 1 and 2, it has been demonstrated that a minimally invasive technique for the 
restoration or prosthetic rehabilitation of the dentition is required, as traditional full crown 
supported prostheses whilst historically successful, come at a significant biological cost. 
Additionally, the paradigm shift away from metallic systems for their “perceived” biological 
incompatibility towards ceramic and composite systems has meant that materials originally 
developed to restore teeth, have been extended to replace teeth, thus exposing shortcomings 
in the material systems, necessitating new approaches in optimisation of design as well as 
improved material properties.  
 
The use of FEA in both engineering and biomedical sciences has overtaken all other tools in 
the exploration of the elastic response associated with structural problems such as stress, 
displacement, temperature distribution, electro-magnetic fields etc., however with the 
exclusion of simple uniform test samples, to date there has been no published literature 
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convincingly validating an anatomically realistic dental prosthesis, ceramic or otherwise; 
hence the need for the current research.  
 
Chapter 3 gave an overview of the fundamental science involved, including that of the 
theories of Griffith and Inglis which provides us with an understanding of the role geometric 
irregularities such as notches play in stress concentration, and the influence of pre-existing 
surface flaws in ceramics which significantly lower material strength in order to lower the 
total free energy of the system in line with the laws of thermodynamics. It is the region of the 
gingival embrasure between the abutment and pontic which has been of most interest to our 
research, as it is this area which was identified through a thorough literature review in this 
chapter as providing the highest tensile stress through the effects of notching as described by 
Inglis. Furthermore, a description of the variability or scatter in the strength of ceramics was 
touched upon and goes some way as to explaining the sample to sample variability during 
testing; our comparatively low standard deviation in material strength as described in chapter 
7 however demonstrates that a high degree of consistency in the samples investigated. 
 
Chapter 4 introduces the underlying theory FEA and in its mature form the XFEA, together 
with the basic principles of linear elastic fracture mechanics as developed by Irwin in the late 
nineteen forties. XFEA is resource intensive but capable of providing accurate and 
dependable responses provided that the development and processing of the model is carefully 
and faithfully done.  Our original FEA was unable to be quantitatively validated with any 
degree of satisfaction; however qualitatively, there was an accurate display of the stress 
gradients which provided a meaningful indication of the location of peak stresses. It was 
through the enriched domains of XFEA, providing for greater degrees of freedom and 
therefore a more accurate simulation of the physical phenomenon, that we achieved a good 
correlation between the response prediction by the numeric analysis and fracture loads 
observed on the EMA. Additionally, the mapping of the fracture phenomenon by XFEA 
correctly identified the primary origin of fracture and its trajectory, further compelling 
confidence in the numeric model.    
 
Chapter 5 is a published literature review of the idealised ceramic inlay preparation geometry 
that was conducted to provide a starting point for our own inlay preparation design. 
Clinically, the final preparation outline of a tooth would be largely governed by the extent of 
caries and proximal contacts. It was decided however that as there was a lack of consensus 
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regarding any such design, and it was an important first step and one that would benefit the 
general dental community. 
 
Chapter 6 is a published paper introducing the original FEA which began in 2007; a 
comparison between the inlay and full crown supported all-ceramic prostheses had hitherto 
not been published before. The literature review identified the importance of the gingival 
aspect of the embrasure in concentrating the forces from a 200N vertical occlusal load 
applied to the central fossa of the pontic. Peak compressive stress were correctly identified at 
the occlusal aspect of the embrasure and the loading contact site but it is the tensile stresses at 
the gingival aspect which warranted our attention, peaking at 198MPa in the inlay and 
177MPa in the crown supported bridges. Whilst these absolute values may be disregarded in 
the light of the results from the XFEA (Chapter 9), the location of stresses together with the 
overall display of stress contours offers immense information regarding the influence of 
loading design factors. The complex display of stresses was consistent with the stress contour 
response from the XFEA and deeply informative as to the multitude and complexity of 
stresses that may develop from a simple load largely due to the geometry of the bridge which 
was anatomically accurate and the supporting structures, again which were faithfully 
replicated.  
 
The design of the classic 3 dimensional FEA incorporated global element mesh size of 1mm 
which passed convergence testing and was acknowledged as being advanced for it time. 
However, it is known that even though a successful convergence test involving two different 
mesh sizes may be achieved, it does not necessarily indicate that the numerical model 
accurately represents the underlying mathematical model1, hence the requirement for a 
validation of the process and/or having engineers skilled in FEA assist in the development 
process.    
 
Chapter 7 is a published paper describing the development and testing of the experimental 
model and the standardised specimens utilised for the determination of their physical 
properties. A qualitative description of the results was given with the quantitative data being 
reserved for the crucial final paper, for even at this late stage we were unsure if a satisfactory 
quantitative validation was pending or even possible! We were confident however in the 
veracity of the approach taken and modus operandi.  
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The choice of partially sintered zirconia (YTZP) was a novel aspect of the EMA for in its 
“green” state, it was sufficiently strong as to allow the manufacture of an authentic ceramic 
bridge via a process of computer aided milling which faithfully replicated the numeric model, 
but was not so strong as to subject the supporting structures to loads so high as to test their 
integrity; the use of the “green” zirconia therefore permitted the examination of the prosthesis 
only, both the properties of the material and design of the bridge. The use of composite resin 
for the teeth was to enable consistency in replication and provided a material of known 
properties, closely matching dentine; if real teeth were used, their properties variation would 
too great from sample to sample and even individually as storage conditions could 
dramatically affect   the cohesiveness of dentine.  
 
Determining the properties of the partially sintered zirconia was necessary as no details were 
available in the literature or online from the manufacturers. Classic tensile and notched 
testing arrangements were utilized for the strength and toughness measurements; Young’s 
modulus assessment was via nano-indentation. The standard deviation for all tests proved 
very low, giving confidence that there was minimal sample variation. 
 
Chapter 8 is a published paper detailing the fractographic analysis, both optical and with 
scanning electron microscope; it was not possible to positively determine the origin/s of 
fracture or their direction without recourse to this traditional means of examination. Detailed 
images allowed the identification of the principle crack initiation site, direction of 
propagation and estimate the critical flaw size of the partially sintered zirconia. Interestingly, 
the critical flaw size as predicted from LEFM of 33±9µm is largely related to the defect size 
of the ceramic and to a lesser degree surface finish and grain size (approximately 0.2 µm); 
this agreed very well with two inclusion/defects observed along with a fine crack providing 
additional evidence for the initial fracture site and confidence in the theories of LEFM.  
 
Chapter 9 is a published paper introducing the XFEA and achieves the first successful 
validation of an anatomically realistic dental prosthesis, both qualitative and quantitatively. 
The incorporation of the underlying assumptions and parameters of LEFM into the numeric 
model and the enrichment or extension of the nodes with interpolation functions substantially 
increases the accuracy in the response prediction, whilst eliminating the need for manual 
remeshing, hence resulting in the accurate prediction of the crack origin and trajectory.   
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The prediction of the fracture origin and crack trajectory in the XFEA is in excellent 
agreement with the EMA; the predicted fracture loads likewise are consistent with 
discrepancies most likely resulting from errors or a slight mismatch in loading sites. Testing 
of the bridges disclosed that changes to loading conditions and specifically minor variations 
in loading position resulted in significant deviations in fracture loads and fracture origins; this 
provides a very fertile area for further testing. 
 
Preliminary assessment of the effects of loading position shifts was shown to make 
significant differences in load to fracture forces; as discussed in Chapter 8, even a variation of 
less than 1mm in the positioning of the loading ball resulted in a change of fracture load of 
30%. An examination of boundary condition variations as well as changes to material 
properties is another fertile area for further research and essential if we are to further 
strengthen our genuine reliance in the process. XFEA modelling was conducted with 
modification to the elastic modulus (E) resulting in the following interesting observation, as 
the elastic modulus increases, there is also an increase in the trajectory the fracture path takes; 
this mimics the observed behaviour of fully sintered zirconia where the fracture is typically 
15° or more inclined to vertical axis through the embrasure and not as obliquely through the 
body of the pontic as we achieved2,3, thus further adding to the veracity of the results and our 
confidence in the XFEA as would be anticipated with further comparisons and assessments of 
materials and boundary condition variables. Ultimately, the angle of fracture may be most 
influenced by the radius of the gingival embrasure, with sharp connectors resulting in greater 
stress concentration and a hence a steeper trajectory fracture path; conversely, rounded 
connectors appear to result in the oblique propagation of the crack through the pontic4, but 
only through further testing will we be able to provide an definitive answer.  
 
LEFM was originally developed to analyse and explain fracture and defect problems in 
simple uniaxial geometries and loading conditions; with the incorporation of its principles of 
stress intensity factor, energy release rate, critical flaw size etc. into the framework of XFEA, 
we now have a powerful analytic tool capable of evaluating and resolving realistic 3 
dimensional fracture problems.        
         
Recommendations for further research would include investigating the resultant effects 
variations to boundary conditions such as the loading site and bonding deterioration would 
have on fracture stresses; origin; and propagation direction in order to further assess the 
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overall sensitivity of the system to such changes and the relative need to account for these 
during testing. The research presented in this thesis strongly suggests that variations to the 
loading site have together with the radius of the gingival embrasure, the greatest influence on 
the responses from the FEA and EMA.  
 
Further detailed inquiry into the effects that variations to the embrasure radii has upon 
fracture  was essential for the foundation of this thesis was the issue of the phenomenon of 
stress concentration through notching present at the gingival embrasure. We have shown that 
the effects are real and can be measured experimentally and predicted numerically but a more 
complete examination of the issue is still required. This would include inter alia, finding the 
optimum radii balance between the demands of aesthetics and the requirement for 
serviceability and longevity; assessing whether increases to the contact dimensions can 
adequately compensate for a reduction in the embrasure radius and if so by how much;  
assessing the effect that changes to the materials elastic modulus have on the direction of 
fracture; assessing the effect of eliminating the embrasure by designing the lower pontic 
border as an arch form thus effectively eliminating most if not all tensile forces into 
compressive stresses. This logically is provided by an embrasure with the largest radius 
possible but would require a pontic material with a very low elastic modulus so as not to 
provide a source of notching, but as most structures are multilayered and not homogenous as 
in this study, this should not provide too many difficulties. Additionally, factors such as the 
residual stresses present in clinically bonded and multilayer systems need also to be 
considered but these are still poorly described and measured. 
 
The use of von Mises and maximum principle stress criteria was in keeping with the majority 
of FEA’s published on the fracture of brittle materials; this however does not necessarily 
mean that a better one is not available. The results demonstrated that the maximum principle 
stress criteria is accurate enough to provide a satisfactory prediction of the peak tensile stress 
in the XFEA when compared against the EMA, there is doubt however that it is not wholly 
appropriate; the search for and development of a general criteria of material failure is the holy 
grail for material scientist, but until one appears, the use of the maximum principle stress 
criteria for ceramics and brittle solids is likely the most accurate.  
 
 
135 
 
Ultimately, it may be best to utilize both numerical modeling and experimental analysis 
because there is currently no way to predict fracture by computation alone with some 
properties being best understood through conventional measurement; others through 
computation5.     
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